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SUMMARY

Biodenitrification is the biological conversion of nitrate and nitrite to gaseous nitrogen. This

document describes the methodologies used and the results obtained in the bench-scale

biodenitrification treatability tests at Pacific Northwest Laboratory. The tests showed that

__ _ --__biodenitrification could reduce initial groundwater nitrate concentrations to less than 45 mg/L, the

current maximum contaminant level (40 CFR 59569). Tests were carried out in anaerobic shake

flasks to demonstrate nitrate removal and to determine the effects of carbon source and concentration,

pH, and temperature on the denitritication ability of a Hanford denitrifying microbial consortia.

Growth rates in the actual groundwater were slightly lower than in laboratory prepared simulated

groundwater. The effects of pH and temperature are similar to what has been observed in other tests

with different denitrifying microorganisms.

These tests were conducted under the guidance of Westinghouse Hanford Company, the

100-HR-3 Groundwater Treatability Test Plan (DOE/RL-92-73, Rev. 0), and the Treatability Study

Program Plan (DOE/RL-92-48) using groundwater from 100-HR-3.

This report presents the test information in the format suggested by the Guide for

Conductivity Treatability Studies Under CERCLA (EPA 1989) and includes additional denitrification

process background information.

The results and conclusions contained herein were obtained specifically for the 100-HR-3

Groundwater Treatability Test. These results should not be construed or mistaken to be generally

applicable to any other treatability study.
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1.0 INTRODUCTION

.,^ _'-_. . _
rstouemtrritcanoa is the otoiogtcai conversion of nitrate and nitrite to gaseous nitrogen. This

document describes the procedures, results, and conclusions obtained in the bench-scale

biodenitrification treatability tests at Pacific Northwest Laboratory(°) (PNL). The tests used batch

studies to determine if biodenitrification could reduce the nitrate concentration to a residual of less

than 45 mg/L, the current maximum contaminant level (MCL) Federal Register, 1975. Groundwater

samples were tested from two wells in 100-HR-3. These tests were conducted under the guidance of

Westinghouse Hanford Company (WHC), the 100-HR-3 Groundwater Treatability Test Plan

(DOE/RL-92-73), and the Treatability Study Program Plan (DOE/RL-92-48). Test procedures are

found in the report entitled 100 Area Groundwater Biodenitrification Bench-Scale Treatability Study

Procedures (PNL-8610). Past experiments were used to determine the range to test for each

independent variable (Koegler et al. 1989; Brouns et al. 1990: Truex et al. 1992). The overall

objective was to demonstrate that the performance levels (45 mg/L) for nitrate in 100 Area

groundwater could be met with the biodenitrification process. The conclusions are based on

groundwater samples taken from two wells chosen by WHC. In addition, the effects of the following

parameters on the denitrification rate and growth rate were determined:

1. Presence of inhibitory compounds

2. Ca_Tbon limitations

a It .1,._.._J.._,._0. pn ucpc3iucuuc

4. Temperature dependence

5, ('arhnn cniirrr (aretate and methanol) comparlson.

Yalues-for agpropriate parameters were detern:ine,:, and the effects of possibly inhibitory

°^^'pourd's were evaluated. A final set of batch tests were performed to confirm the observed

tnicrobial growth and denitriticat.ion-kinetics at-the-best-temperature, pH, and c-rbon source to

---- -^----- --_-=-CV__$iL'3[et(le-_3lte-&p eClfie_CeaCtil)R-_rate-lf7nEtiCS--c-hh"}gi't^it55Tt(i$ifT"175-- '''^" ^ - -- - - = _ _ _ _ _ StdULnZdtlUll WGCe not

addressed in these procedures. Sludge characteristics as measured by total and volatile suspended

solids were measured during one test to give an indication of the process sludge production.

(a) Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle
Memorial Institute under contract DE-AC06-76RLO 1830.

1
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Chromium and radionuclide uptake were also measured in the final confirmation tests to determine if

the biomass would adsorb significant amounts of chromium and radionuclides.

The data will be used to further evaluate the feasibility of biodenitrification as a groundwater

remediation technology for the 100-HR-3 Operable Unit and will provide information required for a

pilot-scale system. In parallel to these biodenitrification tests, WHC is conducting tests of both ion

exchange and chromium reduction/precipitation. The results from these lab tests will be used to

---determine which-system, b'rodenitrification/chrotniumprecitritation or ion ex-clrange, sltouid be further

evaiuated for use in remediatidg 100-HK-3 groundwater. This deterniination will be based on the

performance data and minimal cost information obtained from these lab tests. A report will be issued

at the conclusion of the testing to summarize the biodenitrification results. These results will be used

to aid in performing the Phase 3 Remedy Design (pilot-scale) treatability study for 100-HR-3.

Further details regarding an overview description should reference the document -"100 Area

Feasibility Study Phases I and 2" (DOE-RL 1992).

1.1 SITE DESCRIPTION

1.1.1 Site Name and Location

The 100-HR-3 Operable Unit is located at the northern end of the U.S. Department of

Energy's (DOE) Hanford Reservation in southeastern Washington state. The 100-HR-3 Operable

Unit is very large and contains contaminams that vary widely in concentration. The primary

contaminants of concern for this treatability test are I) nitrate, 2) chromium, and 3) radioactivity in

-- the foritrof-gross-alpha and-gross beta. The only well in the l0044R-03 Operable Unit that contains

all contattri,tants uf concern above their pertitrtnance levels is 199-H4-4 in the 100-H Area.

Maximum chromium concentrations are found in the 100-D area, with the well 199-D5-15 showing

total chromium concentrations of 1,740 pph. This concentration is nearly 35 times the required

performance level. For further information, refer to the 100-HR-3 Groundwater Treatability Test

Plan (DOE-RL 1992).

1.1.2 History of Operations

Plutcnrium productit;tr operatirmsitrthe-100-Asea produced substantial amounts of nitrate from

nitric acid, dissolved chromium, and radionuclides. Waste disposal practices, such as the use of solar

2
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evaporation basins in the 100-H Area, resulted in the discharge of substantial amounts of

contaminants to the vadose zone and groundwater in the 100 Area.

1.1.3 Prior Re,Troval and Remediation Activities

Little has been done to remove or remediate the contaminated soil and groundwater.

Tleatab'uiiy tests for -soil washing, chromium and radionuclide precipitation, and in situ vitrification

are currently in progress.

2.0 CONCLUSIONS AND RECOMMENDATIONS

^--: 2.1 CONCLUSIONS

The performed tests indicate that biodenitrification is a viable technology for removing nitrate

from 100 Area groundwater. Although laboratory-made simulated groundwater (SGW) gave slightly

higher growth rates, actual groundwater from both well 199-H4-4 and 199-D5-15 was denitrified at

similar rates. The Hanford denitrifying bacterial consortia responded to changes in temperature and

pH in a manner typically observed in other denitrifying populations. Carbon limitations did not

significantly affect the rates of denitrification, although carbon limitations did alter the extent of

denitrification, confirming the stoichiometric equations presented in the text. As expected, acetate

gave a faster rate of denitrification than methanol. Radionuclide removal was measured as the

difference between gross alpha and gross beta concentrations in the liquid before and after biomass

was filtered from the solution. The radionuclide removal results were mixed. Gross alpha reductions

were measured to be an average of 25%, whereas gross beta reductions were measured to be only an

average oi 2:5%. Biological chromium removal data show chromium concentration reductions were

measured to be an average of 15 µg/L or 1.5%. In both the radionuclide and chromium data,

Contattnnant-TedlictlonSarenot statatlcally cionifrant5.. ..........

Brief answers to the test objectives found in Section 4.2.1 of the Test Plan (DOE/RL-92-73,

Rev. 0) are given below.

Determine what conditions allow native bacteria to remove nitrates below pertormance levels . Native

bacteria were able to remove nitrates to below performance levels at temperatures between 15 and

35°C, pH from 7 to 8, using both acetate and methanol as a carbon source. At pH 6, results were

mixed. Therefore, it is recommended that during remediation operations, groundwater pH is not

3
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allowed to go below pH 6.5. Sufficient carbon source must be added to satisfy the stoichiometric

requirements for nitrate and nitrite reduction.

Determine if compounds or physical conditions that would inhibit the denitrification nrocess (e.g., the

{aresence_of-hioeides-thatmav have_been used-iathereact.orcLtolinoloop) are present in the.

----------- - - - grOartdwaLe: .-- Den3ttlficatioato-belewTerformance-levels eccurred-'tnsamples--from both .-n° w°^edd

Deniteificati0lY-rates irr-raw-groundwater were-insigniftcaritly-different when contpared to SGW.

Observed denitrifrcation rates in raw groundwater were 80 and 95% of the rate in SGW for wells

199-D5-15 and 199-H4-4, respectively. Specific cellular growth rates were slightly slower in the

raw groundwater

Determine the ootimum carbon source and dosaee needed to maintain a stable biomass for

denitrification (i.e., steady state operation) . Two carbon sources were tested: methanol and acetate.

Both carbon sources were able to reduce nitrate concentrations below the performance levels.

Methanol is, by far, the industry standard. Acetate is, however, safer and gives slightly higher

denitrification rates. Methanol is less expensive and produces less secondary sludge that will require

disposai. Dosage requirement calculations for both compounds as a function of initial nitrate

concentration are presented in Section 3.2.2. These stoichiometric dosage requirements were

confirmed in the treatability tests. At the pilot scale, an additional carbon source must be added to

reduce the dissolved oxygen concentration before denitrification can proceed. Without further

k.nowledge of-theLinal process-conftguration and the effects of increased safety awareness on the-- --

Hanford reservation, it would be imprudent to recommend one compound over the other. I have

therefore tried to present the benetits and drawbacks of each, with the final choice of the "optimal

carbon source" left until the pilot- or full-scale treatment process is better defined.

Demonstrate, on a laboratory scale, that the performance level for nitrate can be met . The

------ -------- --perfo.^nance level for nitrate was met under a variety of conditions in the raw groundwater. Only at

pH 6 did no denitrification occur, and then only one of two tlasks did not denitrify.

Determinethe amount of chromium and radionuclides (if any) that are removed durine the

biodenitrification orocess, either by adsorption on the biomass or some other mechanism . Chromium

and radionuclide concentration reductions were measured during the hiodenitrification process,

although these measured reductions were statistically insignificant. The measured reduction of 15

4
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µg/L (1.5%) for chromium was from 990 ± 80 to 975 ± 80 pg/L. Measured reduction of gross

alpha was 1.8 pCi/L (25%) from an average of 7.2 ± 1.85 to 5.4 f 1.55 pCi/L. Gross beta gave

--- -- ---- -- mixed results with an averagr meacured reduction of 2.5°0, from an average of 31.1 ± 2.15 to 30.3

t 2.15 pCi/L. These reductions are in the presence of very low biomass concentrations, near 10 mg

TSS/L.

Confirm denitrification kinetics . Calculated denitrification rates match very closely with the observed

denitrification rates of Dawson and Murphy (1972). Also, the effects of temperature and pH match

closely with literature results. Recommended operating pH is in the range from 7.0 to 7.5.

Increasing the temperature increases the denitrification rate, although in many cases there will be little
€--^.

control-gvet the i^p :°nt g nundwa[er temperanue. A-[emperxtnrr of 15°C gave a denitritication rate
C:3

that was 73% of the rate at 25°C. The obtained rates were determined in the laboratory where very

little inactive biomass was present, and nearly all of the biomass present was capable of
^^z

^. -_-- --- - denitrification.- This is in contrast to u tield-appk icatic>tt that may have a larger percentage of inactive

biomass, especially for the fixed-film reactor types. Therefore, rates obtained in this study should be

viewed as the maximum possible rate. Before a full-scale denitrification process is designed, a pilot-

scalescale process should be operated to determine more representative denit[iY3cattOR CdtCS.

Determine optimum biodenitrification contiguration . It was not possible within the scope of work to

meet this objective with experimental testing. Therefore, in the test procedure, the objective was to

recommend bioreactor types for pilot-scale tests. A deep bed fixed-film reactor is recommended for

testing at the pilot-scale. This recommendation is based more on the relatively low nitrate

concentrations to be removed, ease of operation, and engineering judgement, than on the results of

these tests.

Determine the amount, chemical composition (with respect to chemical additives and contaminantsl

and physical properties of the sludt*e produced by the biodenitrification process . The physical

properties may include settled sludge, volume, percent solids, filter cake volume, filter cake density,

____ percent moisture, and speed of filtration. Because of the low nitrate concentrations in the

groundwater, very low concentrations of biomass were produced (- 10 mg/L), so that very little

sludge was produced during the entire test. Therefore, sludge composition and stabilization were not

addressed in the procedures; however. biological solids were measured. During the final

confirmation test, as a result of nitrate reduction from about 45 mg NO;/L to 5 mg/L, total

5
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suspended solids (TSS) were measured at 9.4 ± 3.1 mg TSS/L. This represents a percent solids

concentration of approximately 0.001%. Characterization of sludge properties should be made at the

p llo!-scale£ttlce tLL?se-rroperbieSwill dependJnthe reartnr rnnfigiiration rhncan

2.2 RECOMMENDATIONS

It is recommended that pilot-scale tests be performed to demonstrate nitrate removal on a

euuurri;.viis_basis usingapacked bed reactor. This recommendation is based more on the relatively

low nitrate concentrations to be removed, ease of operation, and engineering judgement, than on the

results of these tests. The tests confirm that the Hanford denitrifying consortia will denitrify

groundwater from the wells tested under the test.conditions. Pilot-scale tests would give a better

estimate of the denitrification rates, since laboratory rates tend to be somewhat higher than observed..^_,

t"71 field (US FPA 1Q741 . In add it ion, sludge t^ha.r3 r^tv rr_'zat 'on F^ ^ ol il d be po c sr'b(e a t the p il ot scale- _rat-_P s l ii __ .__ __ ,---- add' _ --- -

since larger quantities of sludge would be generated, and the reactor configuration may influence
-Ay

sludge characteristics. The 100-HR-3 Groundwater Treatability Test Plan (DOE/RL-92-73 Rev. 0)
.....

-recommendsaTilot processflowrateof Lto_5-gpm. Depending on the size of the final process, the

raw product cost advantages of using methanol may not overcome the safety aspects of using a

flammable liquid in the field. The reactor must be sized to allow complete destruction of both nitrate

and nitrite to nitrogen gas with an appropriate safety factor to account for a significant fraction of

inactive biomass.

3.0 TREATABILITY STUDY APPROACH

Batch studies were performed to determine if biodenitriflcation could meet the performance

level for nitrate removal in the 100 Area groundwater, as reflected in groundwater samples from two

wells. The performance level for nitrate is 45 (40 CFR 141) mg/L in drinking water; this is

equivalent to 10 mg/L of nitrate nitrogen, designateci as NO, - N. The performance level for

chromium (VI) and total chromium is 80 µg/L and 100 (40 CFR 141) µg/L, respectively, while the

performance levels for gross alpha and gross beta are 15 (40 CFR 141) pCi/L and 40 (WHC 1988)

pCi/L, respectively. These tests were conducted under the guidance of the 100-HR-3 Groundwater

Treatability Test Plan, DOE/RL-92-73 Rev. 0. using groundwater from 100-HR-3 and the Hanford

denitrifvine consortium.

6
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3,1 TF.ST CIRJF.CTiVF.S AND RATIONALE

Specific test objectives are listed below:

• Determine if inhibitory rompounds are present = This objective was accomplished by
comparing denitrification rates in 100-HR-3 groundwater to denitrification rates in an

SG::' undei ideatical conditions. Because of the possibility that the 100 Area
groundwater may contain compounds that inhibit microbial denitrification, tests were
un to dete.:..ine if ue rate and extent of denitrification in the groundwater was
comparable to the rates commonly expected when no inhibitory compounds were
present.

• Determine the extent to which carbon limitations affect denitrification - This was done
to ensure that nitrate was indeed the rate limiting nutrient and to determine the effects
of carbon limitations on denitrification rates. Since the MCL for nitrate is 45 mg/L, a

T^ pilot-scale system may be operated in a carbon limited manner and still remove
enough nitrate to effectively remediate the effluent water. At the pilot-scale, nitrite
will need to be monitored to ensure that the performance level for nitrite is not
exceeded.

^.;
• Determine denitrification rates at pH values 6, 7, and 8 - The solution pH increases asZrl

C:- a result of the biochemical reactions for biodenitrification. Depending on the
buffering capacity of the groundwater, this increase may be large or small and may
affect denitrification rates. In addition, information on the effect of pH on
denitrification rates may play a significant role in integrating chemical and biological
treatment at this site since pH control plays an important role in chemical
precipitation. Initial measurements of groundwater pH were between 7.6 and 8.0.

• Determine the effect of temperature on the rate of denitritication. Even with a
relatively stable Qroundwaterte.mperature, an ex-cinu nat the Hanford site may_ at the ,

cXpect Gcitain iciiipcraiure iiuctuatious ifiriiughout the year. This objective,

specifically, is to determine denitrification rates at 15°C, 25°C, and 35°C. Generic

rate expressions that account for the effect of temperature on denitrification rates

exist, but the constants need to be determined under site-specific conditions. The

groundwater temperature in the 100 Area was typically in the range 17 to 20°C.

Determine carbon source and dosage - The role of the carbon source is important in
determining denitrific ation and biomass production rates. The carbon sources that
will be compared are acetate and methanol. Methanol is an industry standard because
of its cost, but acetate may give faster denitrification rates. Dosage was determined
by analyzing observed yield values after removing nitrate and producing biomass.
The desirable carbon source would be inexpensive and would support a high
denitrification rate while producing a small amount of biomass. Initial dosage was
determined from Equation 5 or 6 in Section 3.2.2; these tests gave data to predict the
amount of carbon source required to remove a specific amount of nitrate from
groundwater.
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Final confirmation tests that need to be performed are listed below:

• Confirm that performance levels could be met - After optimal values for the
parameters given above have been chosen, and the effects of possibly inhibitory
compounds have been evaluated, a final set of integrated batch tests were performed
to evaluate the site-specific reaction rate kinetics and determine if denitrification could
reach the desired performance levels of 45 mg/L in 100 Area groundwater.

_ Determine the a..cu:.t cf ch,0.::u:. a,d ra icnuc:ide adsorption to biomass -
Although some information is available on the extent of chromium uptake by the
Hanford denitrifying consortia, the information on the extent of radionuclide

adsorption is limited.

• Recommend bioreactor types for pilot-scale tests - Bioreactor types that should be
evaluated at the pilot-scale are recommended based on denitrification rates observed in
these tests. The recommendation does not include information about costs.

3.L EAPE1U1VlE1N TAL BACIlVKOU IN D

This section gives some technical background for the process of biodenitrification and the

process parameters that affect the rate of denitrification.

3.2.1 Experimental Principles

The fundamental principle of bioremediation is the biological degradation of unwanted

compounds into more inert or desirable compounds. For example, biodegradation of a gasoline spill

in the presence of air would produce carbon dioxide, a gas found in low concentrations in ambient

air. In the absence of molecular oxygen (O.), other substances can be used by bacteria to degrade

organic carbon. One such substance is nitrate. Degradation of nitrate by the microbial process of

denitrification produces inert nitrogen gas through the reaction series in Equation 1.

NO, - NO..-> NO - N2O - N, (1)

The Hanford consortia has been shown to reduce both nitrate and nitrite. A consortia

undergoing the denitrification process rarely produces ammonia, since ammonia has a high chemical

energy and is a valuable nutrient source for bacteria. To illustrate this, it is useful to examine the

assimilatory (biomass producing) and dissimilatory (energy producing) pathways. It can be seen that

under denitrifying conditions, produced ammonia can he directly incorporated into organic nitrogen

8
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for cell proteins and other components. About 90% of all nitrate converted goes through the

dissimilatory pathway. Of the small amount of ammonia that may be produced, most will quickly be

assimilated into biomass.

Dissimilatory Pathway:

Nitrate (NO,` Nitrite (NOz ) -^ Nitric Oxide (NO) - Nitrous Oxide (N,O) - Nitrogen (Nz )

1

Ammonia (NH3) only produced by some bacteria

A....:^:^..^,_^_. T..aL .. .
e+ssmuiawiy rauiway.

Nitrate (NO; ) - Nitrite (NO,^ ) -^ Hydroxylamine (NH,OH Ammonia (NH, ) -^ Organic

Nitrogen

3.2.2 Carbon Limitations

Stoichiometric relationships for nitrate removal were the basis for adding a carbon source.

----- ----BOth-aCctatc and rncthariui additiGnS wcrc CBiBuiatcd by

• measuring initial nitrate and nitrite concentrations

• using the stoichiometric relationships (Eq. 2 to 6) that incorporate dissimilatory nitrate/nitrite

reduction, biomass synthesis, and the scavenging of soluble oxygen. These relationships (US

EPA 1975) are averages for many complex metabolic reactions and as such are

approximations of what will be observed with the Hanford consortia.

Overall Nitrate Removal with Methanol

NO, + 1.08CH,OH = 0.056C,H,NO, + 0.47N, + I.44H,O + 0.76CO,

+ OH-

Overall Nitrite Removal with Methanol

(2)

NO. + 0.67CH,OH = 0.04CSH7NO, + 0.48N, + 0.70H,O + 0.47CO, + OH- (3)

Overall Oxygen Removal with Methanol

0, + 0.93CH,OH_±_Q.056N0:- _=_0956C,H-NO.. + 1.63H.O + 065CO,

+ 0.0560H (4)

9
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When combined; thesestaichiometric relationships -n^.=, metk^^d req;:irements to

--hioremediate nitrate a.d nitrite to be calculated. An additional factor of 1.5 has been included to

II?sUl'gSU iC#eftcaC`7rr5i'ui(3e-$i ' epi@tt'-nttfatB:--}ii thcpTlfit-SCaie,-ilit55a'leiy factor wuiiid be 9ct to

-1_0-since-addingioomuchmethanolsna_v encnuragasulfate reducing hacterial grnwth,

(lvvrall Methannl AdAitinn

C. = 1.5 (0.56NO, + 0.35NO,- + 0.93DO) (5)

where

C_„ = required methanol concentration, mg/L

NO3- = nitrate concentration to remove, mg/L

NO = nitrite concentration to remove, mg/L

DO = dissolved oxygen concentration to remove, mg/L

The dissolved oxygen must be taken into consideration since oxygen is a more energetically

favorable electron acceptor. If, for example, the dissolved oxygen were ignored and only enough

carbon source were added to remove nitrate, the bacteria would still remove the oxveen first and then

proceed with denitrification. In this case, the carbon source may be depleted before all the nitrate

was consumed.

Examination of Equation 5 will show that in the laboratory tests, flasks were sparged with

helium to remove oxygen so that oxygen had no influence on the methanol requirement. Pilot-scale

designers and operators will have to measure the dissolved oxygen and nitrate concentration and add

enough carbon source to remove both. In addition, effluent monitoring for nitrate and nitrite should

be used to "tine tune" carbon dosage to remove the nitrogen containing compounds without adding

excess carbon source.

Acetate was used in the form of sodium acetate. Although acetate provides a faster

denitrification rate, its use is less common on a larger scale because of cost considerations. Acetate

addition was calculated based on Equation 6 adapted from Table IV of McCarty et al. (1969) and will

provide a safety factor of 1.5 in the acetate additions to ensure a sufficient carbon source to deplete

avatlable nt:rat and oxybe^..- It :;aF be ;een-£hat more biomass is pr oduced per „tole oLnitratc when

using acetate as the carbon source.

10
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Overall Nitrate Removal with Acetate

NO3 + 0.879CH3COO- = 0.088C,H,O,N + 1.318CO, + 0.071H,O + 0.456N, + 1.8790H- (6)

The reaction of nitrite and oxygen in the presence of acetate was developed with the half reaction

method from Grady and Lim ( 1980).

Overall Nitrite Removal with Acetate

NOz + 0.414CH,COO + 0.133H20 = 0.014C5H,0,N + 0.760CO2 + 0.493N, + 1.414OH- (7)

Overall Oxygen Removal with Acetate

Oz +1.43CH3COO- +0.26NO, +0.26H' = 0.27C,H7O,N +0.10CO. + 1.43HCO; + 0.63H;O (8)

Combining Equations 6 through 8 gives the overall acetate addition for removing nitrate, nitrite, and

oxygen, and changing the units to mg/L gives a useful equation (9) for predicting the required acetate

dosage.

Ca = 0.84NO; + 0.53NO, + 2.64DO

where C, = initial acetate concentration, mg/L

(9)

As with methanol, a safety factor of 1.5 was included to ensure complete nitrate degradation. At the

pilot scale, a safety factor near 1.0 is recommended since adding an excess carbon source above the

required minimum may lead to unwanted sulfate reduction and increased cost. During the treatability

tests, the overall acetate addition was calculated using Equation 10.

Overall Acetate Addition

C, = 1. 5 (0.81 NO, ) = 1.22 NO1 (10)

3.2.3 pH Dependence

The highest denitrification rates are found between a pH of 7.0 to 7.5 (US EPA 1975).

Lower denitrification rates occur outside of this range. The typical range for the effects of pH on the

percent of maximum denitritication rate is shown in Figure 3. I.

11
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Figure 3.1. pH Effects on percent of maximum denitritication rate observed by others. Adapted

from EPA (1975).

3.2.4 Temperalure Dependence

The temperature dependence of the denitrification race was fitted with a least squares fit of a

logarithmic transformation (Dawson and Murphy 1972) with an Arrhenius' Law model of the form:

k = 14 e{ eiaT )

where k° = frequency factor

E = activation energy (cal g-mole')

R= universal gas constant (cal g-mole' °K')

T = absolute temperature ("K)

Dawson and Murphy obtained a value for E of 16,000 (cal g-mole'). Because the coefficients

represent overall averages of many complex individual metabolic reactions, this test procedure gave

an estimate, but could not precisely define the coefficients k° and E. The groundwater in the 100

Area typically ranges between 17 and 20°C.

1Z
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3.2.5 Acetate and Methanol Comparison

Since both acetate and methanol are suitable carbon sources for denitrifying groundwater, the

four primary issues related to the choice of a carbon source are 1) cost. 2) safety, 3) sludge

_- production, and_4Loperational ef_fi_ciency.

Acetate is the base ion, or deprotonated form, of acetic acid as shown by

ACETIC ACID a ACETATE + HYDROGEN ION

CH3COOH a CH3COO- + H'

(12)

Acetate was chosen as a test compound because it is non-flammable, is easy to measure, gives good

denitrification rates, and helps maintain pH. Methanol is the industry standard because of the cost-

benefit ratio at very large scales, but it gives a somewhat slower denitrification. According to data

obtained in the treatability tests, the use of acetate, rather than methanol, would result in

denitrification rates that would be approximately 20% faster. This rate increase would reduce the

hydraulic residence time required for complete denitrification, thus resulting in a smaller bioreactor to

process the same groundwater volumetric flow rate.

The February 22, 1993, Chemical Marketing Reporter indicates that the price of methanol

was $0.154/Kg methanol, and acetate was $0.727/Kg acetic acid. Calculations based on the

stoichiometric ratio of each carbon source indicates that the cost for nitrate removal with methanol

would be $0.086/Kg nitrate, whereas the cost for acetate would be $0.599/Kg nitrate. The cost ratio

Of -u`tese two carbon sources is 6.96, indicating that acetate would be nearly seven times more

-°?t^°n---°^iv-̂ in raw c;e„ical costs as compared to methanol. Because of the relatively small amount of- r- • --- -

-nitrate present-in thegroundwater,however.-this sost- ratio may-be somewhat mi€leading-.---Estimated

raw chemical costs were calculated for a nitrate removal of 40 mg NO;/L at four process flow rates

(Table 4.2).

From asafety standpoint, acetate is by far the safer of the two carbon sources. Methanol is

flammable with a tlashpoint of 52°F (13.9°C); therefore, special non-sparking tools and equipment, in

addition to other safety precautions, are required to use methanol. The flashpoint for acetic acid is

listed on the MSDS as "none." Acetate is usually supplied in the form of acetic acid. Acetic acid is

13
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flammable and corrosive at very high concentrations, although at typical concentrations used,

flammability is not an issue.

Comparing sludge production between Equations 2 and 7 shows that acetate will produce

approximately 57% ritore sludge because of the higher biomass yield. In a 1000 gpm full-scale plant

operating 365 days a year and removing 40 mg/L NO, , methanol would produce about 17,000 lb of

undigested sludge,while-acetatewouldproduce 27,000 Ib. rn-asmaller-unit-ef-10 gptn the estimated

sludge production is 170 lb for methanol and 270 lb for acetate. At this scale, the difference in

sludge production is small.

Overall, the balance of cost versus safety issues for methanol does not become significant
c^=

until large scale (> 100 gpm) process units are reached.

c._

3.2.6 Scale-up Issues_..,,..

The primary scaie-ap -issues for a ti;<ed-tilm system-are the ability to reliably estimate the total

amount of biomass that will be attached to the packing in the reactor and the ability to minimize the

amount of start-up time required to bring the unit on line after a system upset.

To estimate the amount of biomass attached to the reactor packing, previous work with

packed bed denitrifying units will be used (US EPA 1975). In addition, a safety factor for a

hydraulic retention time of greater than 2.0 is recommended. In addition, laboratory rates should be

viewed as high, since field systems may have a large fraction of "inactive" volatile suspended solids

(US EPA 1975) ,

The start-up time can be minimized by providing a packing material that maintains a large

-_.aisCrui^t41i biotnais.]Ylt!`tarrt[nlftial-arnl)untoisi^iugning. T bic ncnally requires a rough or porous

---_-surfa:Yt.tlatallows (Ienttrity:ng bacterta ti)e.n.terthe, p(3re-spaf;e,4;thusmtntmkz'ing-baCteriai'"washout

during start-up. This type of reactor packing can also increase the amount of biomass that is retained

in the reactor.

An additional scale-up issue is the accumulation of nitrite as a natural product of nitrate

reduction. Both nitrate and nitrite concentrations should be monitored carefully. The reactor

residence time and the amount of carbon source added should allow for nitrite degradation. In

14
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addition, data obtained in these treatability tests indicate that at pH 6, nitrate degradation was slow,

and nitrite degradation was inhibited: therefore, a pH controller should be installed to maintain the pH

in the range of 7 to 7.5.

3.2.7 Phosphorous Requirements

Phosphorous is a member of the group of chemical elements commonly called micronutrients.

These elements are required for microbial growth, though in far smaller amounts than carbon,

nitrogen, hydrogen, and oxygen. Hydrogen and oxygen exist in great abundance as the components

of water. In this application, a carbon source, acetate or methanol, will be added to bioremediate a

nitrogen source, nitrate. Thus all the primary components for bioremediation will be present in the

planned tests. In an anoxic environment, phosphorous is required in the approximate molar ratio of

300:1 carbon:phosphorous by the microbial cell to produce important biological substances such as

genetic material (nucleic acids) and the cell wall (phospholipids). In some cases, a scarcity of

phosphorous can limit cell production, which in turn limits the denitrification rate. Phosphate was

added to groundwater samples with the carbon source in the ratio of 0.05 mg PO; per mg acetate or

methanol.

It should be noted that while the concentration of phosphorous is known for biological cell

requirements, other factors, including chemical precipitation, contribute to the loss of available

phosphorous concentrations. In continuous treatment, it is essential in maintaining target treatment

efficiency to maintain available phosphorous concentrations. This typically is effected by measuring

soiuble-orthrr-phosphateduringstart=ulr and during changes in infiuent quality.- Thus, the ratio of

carbon:phosphorous should be considered a target ratio that requires monitoring and may require

adjustmentf'or continuous, efficient, and stable operations.

3.2.8 Nitrite Production

in Equation i, it can be seen that nitrite, NO; , is an intermediate of the pathway from

----------- ----n8iF3te;-N03;'s3=i3itPogeCrg':;;; vr-`itc saS-dInaxiIRUP.1C;ont3minant-level(i`.QCi) ofi9-mg-{LiO2ii

(40£FR-59569) 'fypiLally,-a-mierobial consrrrtia that can degrade nitrate canaistr convert nitrite to

nitrogen gas. The Hanford consortia has beenshown to degrade nitrate through nitrite to nitrogen gas

in this and other studies, although this information has not been published.

1 F
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In biological reactors containing a microbial consortia capable of nitrite reduction, two

primary conditions can cause an accumulation of nitrite in the process. In batch reactors, the

- presence of nttrre at the end of an experimental run m tcates that eit er i) the batch test was not run

long enough to allow the nitrite to be converted to nitrogen gas, or 2) the amount of carbon source

added to the flask was not sufficient to degrade both the nitrate and nitrite.

For a continuous flow pilot-scale system, two analogous conditions can cause the production

of nitrite in the effluent. These conditions are:

The hydraulic retention time is too short to allow the transformation of produced nitrite.

2. The concentration of the organic carbon source has been depleted so that no further microbial

transfnrmatinn of nitrate o r nitrite will ncrnr

3.2.9 Hanford Denitrifying Consortia

A denitrifying consortium was obtained from Hanford groundwater (Koegler et al. 1989) and

has been shown to remove nitrate to concentrations less than 45 mg/L, the current MCL. The

consortium was initially obtained for tests to degrade nitrate in a condensate stream from Hanford's

UO3 Plant and was subsequently found to degrade carbon tetrachloride and nitrate simultaneously.

Koegler et al. (1989) determined that over the pH range of 7.95 to 11.6, a pH of 8 gave the highest

rate of denitrification. This result is not surprising given the range of pH examined. These tests

were performed under continuous culture conditions, with residence times of 5, 8, 12, and 20 days.

The influent nitrate concentration for each test was 1500 mg NO; , as compared to the typical nitrate

concentrations of 140 mg/L found in the 100 Area groundwater. An order of magnitude cost estimate

was made for the pilot-scale biological denitritication of the UO, Plant condensate effluent.

Brouns et al. (1990) found that a tluidized bed hioreactor (FBR) gave volumetric

denitrification rates 10 to 20 times higher than those obtained in a continuous culture and that 99% of

nitrate at concentrations of 400 mg/L could be reduced with a residence time of 8 h. This was

because of the order-of-magnitude increase in the amount of biomass present in the reactor as a result

of the presence of an attachment medium. The report focuses on results obtained from the biological

destruction of carbon tetrachloride, although some screening work on chromium ( VI) inhibition was

performed. It was found that at Cr(VI) concentrations of 0.1 1 ppm, the onset of denitrification was

delayed. At Cr(VI) concentrations of 4. I and 40 ppm, denitritication was not observed to occur.

16
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Specific denitrification rates, as a function of volatile suspended solids (VSS), averaged from 9 to 14

mg NO5(g VSS h)-'. These values were obtained at 30°C. The average observed yield for nitrate was

0.97 mg NO; (mg VSS)' and a range of 3.3 to 10.8 mg acetate (mg VSS)' was reported. These

results should be viewed with some amount of caution since the tests were carried out in a fed-batch

system under famine conditions.

3.3 EXPERIMENTAL DESIGN AND PROCEDURES

The primary goal of this work was to provide information on the applicability of

biodenitrification for treating 100-HR-3 groundwater. Microorganisms grown in batch culture were

used to determine the effects of various parameters and operating conditions on the denitrification

rate. The principal parameter of interest was determining if any unknown inhibitory agents that

would prevent biodenitrification from occurring were present in 100-HR-3 groundwater. All

experiments were performed at 25°C, with the exception of 1) the tests to determine temperature

dependency, 2) the large volume denitrification, and 3) the final confirmation test that were

performed at 20"C to better represent rates that would be observed in the field. The pH of all

experiments was that of the raw groundwater, with the exception of those tests to determine the effect

of solution pH. The iask of ciiriiposite groundwater at pH 7.0 was used as the standard to compare

all other treatments. Carbon loading was calculated based on the measured nitrate concentration

according to equation 5 or 7 in Section 3.2.2. Detailed procedures are given in Peyton and Martin

(1993). From the procedures document, Section 3.4.3 (Determining pH Dependence) is given below

as an examnle.

l: ..ea;ure ritrate and nitrite concentration and pH according to methods given in Appendix A

on a composite groundwater sample made from equal volumes of water from each of two

wells.

2.--- Measure pH in groundwater according to method given in Appendix A (Peyton and Martin

- (4993).

3. - Calculate acetate concentration required to deplete nitrate and oxygen based on Eq. 4.

4. Add 300 mL groundwater to six 500-mL shake tlasks.

5. Add 5.0 x 10° molar phosphate buffer to all tlasks.

6. Raise pH in two flasks to pH 8 using sterile I M NaOH.

7. Lower pH in two flasks to pH 6 using sterile I M HCI.

17
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8. Adjust pl-I in two flasks to p}-I 7 using either sterile HCl or NaOH as required.

9. Sparge the liquid of each flask with sterile helium to remove atmospheric oxygen.

c0. Add 0.1 ,,L (- 2 x lOfi cells/mL) Hanford denitrifying consortia inoculum to each flask.

11. Add calculated amount of sterile acetate to each of the shake flasks.

12. Incubate in a dark shake chamber at 150 rpm at room temperature.

13. Aseptically sample each flask for nitrate, nitrite, acetate, and denitrifying cell numbers (MPN)

according to methods given in Appendix A (Peyton and Martin (1993)..

14. Sample at 4, 8, and 12 h.

15. _ -Detesrttine tinal pHonre.tnaining-liquidafter tina!sampling.

i$. rrilosigniiicarant s'ra'tisiica'tuurerencu'y^ io confidence interval) 'cervai` is ooservea in the rate or

extent of denitrification between the different pH tlasks, it will be concluded that no pH

effects were measured in the sample. In the more likely case that pH does have an effect on
^ w`? . . ..u.^__-demtrtflCattGn-rateS, data wl}}be used to deteFm(neihe t,.. uependenc`y'.^.^.
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3.4_ _EQSIIPMENT AND MATERIALS

The principal piece of

test equipment was a

cnmmerriah y, _availahle rntarv_ ._--_.,-_ .- .....j

sbaker/inryhatnr that is

temperature controlled. This

was used to maintain the

chosen temperature at a

constant value throughout the

length of the tests. Custom-

made Erlenmeyer flasks

(Figure 3.2) containing the

culture media were inoculated

with the Hanford Consortia,

kept at a set temperature, and

^^- Cap

Butyl Rubber
Septa / Alr Seai
(Hungate seal)

^ Hellum Sparged
Anaerobic Flask

Culture Media

shaken at 150 rpm to ensure Figure 3.2. Custom Made Anaerobic Flasks were used to Grow the

complete mixingduring the DenitrifyinR Bacterial Culture Under Anoxic Conditions.

individual I to 2 week tests.

BtYier equipment is iisted in Tabie 3.i.

3.5 SAMPLING AND ANALYSIS

_Sampling and analysis was performed in accordance with the "100 Area Groundwater

Biodenitrification Bench-Scale Treatability Study Procedures" ( Peyton and Martin 1993) with

deviations :¢iven in Section 3.7 of this document.

3.6 DATA MANAGEMENT

The QA parameters for reproducibility of duplicates and recovery of National Institute of

Standards Testing (NIST) nitrate standards were met before the data were accepted. Data

management was performed by entering raw analytical data into Microsoftm Excel spreadsheets.
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Table 3. 1. Principle Equipment Used During the Treatability Test.

Item Manufacturer

environmental rotary shaker New Brunswick

ion chromatograph Dionex

pH meter, model 250 A Orion

gas chromatograph, 5890

Series II

Hewlett Packard

custom anaerobic flasks, 500

mL, Hungate-type anaerobic

seal

Bellco, Inc.

fermentor New Brunswick

autoclave Consolidated Machine Corp.

refrigerator Kenmore

environmental chamber Bally Engineered Structures,

Inc.

balance, AE 160 Mettler

laminar flow hood Labconco

_3:7 _DEVIATION FROM THE WORK PI AN

Deviations from the work plan are listed below.

I. Sampling times used to monitor the experimental progress were adjusted to provide a clearer

picture of the microbial process after it was determined that the groundwater required a longer

lag phase than the SGW.

2. Only total chromium was monitored during the final confirmation tests. This was because

e.^.vi ,mental compliance was to he based on total chromium and not on individual

concentrations of chromium (Ifl) and (VI).
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3. - Suspended solids measurements were tried with the filters recommended by standard methods,

however, since the suspended solids concentration was so low and the total amount of sample

available for filtration was sntall, a finer (0.2 micron) pored filter was used to obtain

measurable amounts of hiomass.

4. ----- -Test procedurest.hat called for in^^^b-a*rg the cultures at room temperature were instead

incubated at 250i: to give better temperature control.

4.0 RESULTS AND DISCUSSION

This section presents the test_resultsand_discussesthe implications_of_each result as it nertains
LfE,

to the design and operation of a pilot biodenitrification unit. Raw data are found in Appendix A.

N' 4.1 DATA ANALYSIS AND INTERPRETATION

The test results indicate that biological denitrification is a potentially effective treatment for

removing nitrate in the 100 Area. No significant differences were found between the observed

denitriticationrates-of-S6W and-the rates in either of the wells tested. Although the calculated

denitriPication rates are-similar;-cell-uoneentraticn data i^c+ ^^^^ tl,^^ a longer lag phase may be

required fot^ the bacteri.a to adjust to water from well D5-15. The growth and denitrification rates

depended on pH and temperature in much the same way that has been observed and documented in

the scientific literature. At pH 6, one shake tlask had no growth or denitrification, while the other

flask denitrified after a lag phase. Therefore, the data shown for pH 6 are from the flask that showed

denitrification activity.

Denitrification rate constants were calculated by an integral method, using data found in

Appendix A, to-rednet the var iability it, ohserved rate constants: however, the results still have a

marked standard deviation. This is in part because relatively few tests were run for each condition

and because of variability in measuring the low biomass concentrations. Because of the low biomass

concentrations and the_small amaum ittsample voJume-available,-volatile-susnended solids were

calculated using equation 5 for methanol and equation 7 for acetate found in section 3.2.2.

ihere`„re, the ave: age cbserved rate and its corresponding standard deviation will be used to compare

differences between observed denitritication rate constants.
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Figure 4.1 shows that denitrification rates in the raw groundwater from wells H4-4 and D5-15

were insignificantly different than rates observed in SGW. In addition, Figure 4.1 shows the effects

of different stoichiometric ratios of acetate/nitrate and the observed denitrification rate using methanol

an ebse ved rate-f"H;; -1`deOH"3 as a caebon source.-- tJsing methanol as t.".e -carbon source gave

constant that was approximately 20% lower than that using acetate, although the difference is not

statistically significant. The symbol "HD" indicates that equal volumes of water from the two sources

(wells 199-H4-4 and 199-D5-15) were mixed in a composite sample, while the symbols "2/3", "1/1",

and "3/2" indicate the acetate-to-nitrate stoichiometric ratio. Finally, Figure 4.1 shows that the

acetate-to-nitrate ratio had little effect on the denitrification rate. However, it will be shown later that

while not limiting the rate, the acetate-to-nitrate ratio did determine the extent of nitrate conversion.

^^-
ra:^

Figure 4.2 shows the effects of both pH and temperature on the denitrification rate constant. It

can be seen that pH 7 and 8 gave higher denitrification rates, while pH 6 was slower. One flask run
,=

at pH 6 showed no denitrification, while the other flask at pH 6 gave the slowest rates observed

during the treatability tests. Temperature had the most significant effect on denitrification rates of

any of the variables tested. At the low temperature of 15°C, the denitrification rate was 73% of the

rate at 25°C. Overall, with the exception of the tests run at 35°C and tests run at pH 6, the average

^ion^rr;Frar;nn ratPC were fairlv rnncictrnt (Tahly d. 11,- ---- -- --- --- - - --- --;.,...:u:......u.,........,. ....... ......^ .,.,...,.,,..,... , ....,..,
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Table 4.1. bserved Denitrification Rate Constants and Standard Deviations.

N
A

---
est Carbon Tvne Samples in

- -
Temteroature .

---
pH D.^ta Rate Constant

-
Standard

C"ondition"' Rpelicate Rate Calc. Table (tnQ NO, Deviation

Flasks N 's N/me VSS-d)

Si,GWtb1 Acetate 2 18 215°C 6.9 A. 1-2 3.25 0.74

Well H4-4 Acetate 2 20 215°C 7.9-8.1 A.3-4 2.60 0.49

y.1/ell D,5-I5

-

Acetate 2. 13 25°C 7.8-8.0 A.5-7 3.10 1.24

HD pH 6 Acetate 1 6 2I5°C 6.0 A.8 1.42 O.164

HD pH 7 Acetate 2 17 25°C 7.0 A.9 2.77 0.55

HD pH 8 Acetate 2 34 25°C 8.0 A.10-I1 2.40 O.163

H D 15"C Acetate 2 10 15°C 7.8 A. 12 2.03 1.01

t'3D 25 C Acetate 2 17 25°C 7.0 A. 13 2.77 0.55

HD 35"C Acetate 2 11 35°C 7.8 A. 13 6.15 0.82

HD 2/.-.I Acetate 2 7 25°C 7.8 A. 14 3.25 1.38

HD 1/1 Acetate 2 10 25°C 7.8 A.15 2.24 1.33

HD 3/2 Acetate 2 17 250C 7.0 A.9 2.77 0.55

HD MeOH Methanol 6 69 25°C 7.8 A.17-23 2.17 0.35

n
Cn
C7

z
t^
rn

A

0

tao _,yc sylnuu1 n,J wMcMeS mat equai vommes or water rrum weu tYY-u:7-t3 a61a 199-n4-4 were comnmea ffor tnts test.

(b) = Only one flask at pH 6.0 showed any denitrification activity.
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4.1.1 Analysis of Waste Stream Characteristics

No special groundwater analytical characterization was performed as part of this treatability

test. Data available from the Hanford Environmental Information System (HEIS) database were

determined to be sufficient to perform the screening tests, although a more thorough characterization

--- ---3h l35`- ^A .,.`n ,.e..°n,,
is

,,,,,,,,,.,,a . .
^tt _ s^,e axe a spect.tc we ll or ".S.,^ of w..., ., ,^,^ « tor the pilot-scale tests.

4.1.2 Analysis of Treatability Study Data

Conclusions are presented in Section 2.0 of this report. Further characterization of the

contaminants of interest and some wet chemistry parameters should be made during the pilot-scale

treatability tests. It is worthwhile to note that the average measured nitrate concentrations determined

for raw groundwater as a result of this treatability test are in the range reported (Table 4.2) from the

HEIS database for well 199-H4-4 (Appendix D).

^.`

Tabie 4.2. Average Nitrate Concentrations Measured in the Treatability
tY `}

Test Compared to the Values from the HEIS Database.

Measured treatability

Well HEIS database test averaee (me/L)

199-D5-15 Not Reported 45.5

199-H4-4 26 to 110 81.4

4.1.2.1 Presence of Inhibitory Compounds. The primary goal of the treatability tests was to

determine if inhibitory compounds that could prevent the use of biological denitritication as a

treatment method were present in the groundwater from each area. The determination of inhibition

was based on the observed average specific growth rate and the denitrification rate constant. SGW

was used as a"control" to determine maximum expected denitritication rates. The composition of the

SGW is given in Table 4.3. The specific growth rate of the bacteria is calculated as the slope of the

best-fit linear regression, on a log-linear graph, through the cell concentration data points after the

initial 12 to 24 It lag phase. This method for determining the specific cellular growth rate is valid

only during the log growth phase, i.e., the period of rapid cell growth that typically follows the lag

phase, and does not apply after the bacterial culture has reached the stationary phase. Therefore, data

obtained during the lag or stationary phase is not used when calculating the specific growth rate.
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Table 4.3. Composition of Chemicals Added to Make

a Phosphate Buffered Simulated Groundwater"

0-.
!r,

L:n

^t
^°

ti^

Compound mg/L M

NazSiO3-9HzO 4.55E+02 1.60E-03

NatCO3 1.60E +02 1.51E-03

NazSO4 1.33E+02 9.38E-04

KOH 2.OOE+01 3.57E-04

MeCIZ6H2O 2.15E-01 1.06E-06

CaCI,-2H,O 1.48E-02 1.00E-07

KH2P04 6.80E+01 S.OOE-04

NaC l 3. 30E+01 5.65E-04

pH 7.0

(a) Based on Analysis of Sulfate and Chloride of Well 199-D5-15.

Other Trace Compounds are Based on the SGW used by Brouns et

al. 1990.

Figure 4.3 shows that the number of bacterial colony forming units ( CFU) increases for

duplicate experiments in a very high phosphate buffer concentration ( 13,600 mg KH, PO,/L ).

Table A.1 provides CFU data. This concentration of phosphate was reduced to allow ion

chromatographic analysts£3t nitrateandt(Tpre'Jentpi)sSible calckumt)r-magneS}un'i phosphate

precipitation. Subsequent SGW formulations were made as written in Table 4.3 using only 68 mg

------ ---------KH-, P04/L. Fib^re 4.4 gives the bacterial concentration of CFU over time for SGW with 68 mg

itiia FO_/L.F_igures 4.5 to 4.9 give CFU/mL over time for the actual groundwater (data in

TablesA.3 taA..7). It canbeseen that cellco>?centration,z increasedwith-time ;tnder-all-co.n.ditio.n.s.

Figures 4.3 and 4.5 each show a data point that was taken after the bacterial culture had reached the

stationary phase, i.e., at 101 h on both figures. These data points were not used to calculate specific

- growth rate:- CeH concentrationcappearto, beirrwer tiran tXpected,uittraeyhe due to cell.c gti_r.king

together during the cell counting anaiyses. Groundwater from the i00-D area may have longer lag

phase to biodenitrification than SGW.
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The average specific cellular growth rates and standard deviations calculated from these growth

curves are given in Table 4.4.

Table 4.4. Calculated Average and Standard Deviation of the Observed Specific Growth Rates.

Water source Average specific growth rate

(1/h)

Standard deviation

SGW 0.46 0.17

Well 199-114-4 0.33 0.22

Well 199-135-15 0.14 0.16

It can be seen that the specific growth rate between the SGW and well 199-1-14-4 decreases

minimal_1_y, _w_hereas_baeteria erown in water from well 199-D5-15 had a lower specific growth rate.

As a result of the limited number of tests and variability of the test results, especially for

__-_ well _199-D5-_15,-the-45_% confidence interval overlaps for all values of the average specific growth

rate. Therefore, at the 95% confidence level, none of the specific growth rates are significantly

different.

Well 199-D5-15, at approximately 45 mg NO, /L, has the lowest nitrate concentration of either

well 199-1-14-4 or the SGW. This, however, is not expected to be the rate timiting factor since

literature data (US EPA 1975) indicate that the rate of biodenitritication is unaffected by the nitrate

-_-conce9tration downao concentrations of approximately 9 mg/L nitrare. At 9 mg/L, the specific

growth rate is approximately 90% of the maximum specific growth rate. Below 9 mg/L, nutrient

limitations may become dominant in determining the denitrification rate. The Monod half-saturation

coefficient typically falls between 0.5 and I mg/L (US EPA 1993). Therefore, if significant, the

lower specific growth rate in well 199-D5-15 may he due to some other form of inhibition. Typical

concentrations for the onset of chromium inhibition in a chromate resistant strain is near 75,000 ppb

chromium (Yamamoto et ai. 1993). although it woiulU likely he lower in the Hanford consortia used in
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these tests. With nitrate concentrations measured at approximately 45 mg/L, the D5-15 groundwater

is already at the nitrate performance level and may not need nitrate removal.

Figures 4.10 through 4.12 show the typical time progression of a biodenitrification experiment

for SGW (Figure 4.10), well 199-H4-4 (Figure 4.11), and well 199-D5-15 (Figure 4.12). It can be

seen that the rate of nitrate removal follows the same trend as the specific growth rate in that the

SGW denitrification rate is faster than 199-H4-4, which is faster than 199-D5-15. Dashed lines are

used where sufficient data were not obtained to accurately determine the definite time progression of

---------- ------- ' °._,..,.°.,
and are

1..."`a on ..,,...'"n.. „ti""^„a ti`tlie-C3t'iCeuuauviio auu aac uancu uu uuuuauy vuauv^,u ^^.uaviUX.

4.1.2.2 Carbon Limitations. The nitrate concentration performance level is 45 mg NO3/L.

Therefore, one operation scenario for a full-scale biological reactor may be to operate under carbon-

limited conditions. Tests were run to determine if carbon limitations would affect the rate of

denitrification. Figures 4.13 and 4.14 show the time dependence of the nitrate, nitrite, and acetate

concentration for different stoichiometric acetate-to-nitrate ratios. Carbon ratio data are found in

Tables A.12, A.9, and A.13 (Appendix A).
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Figure 4.3. Cellular Growth Rate in High Phosphate SGW. Raw Data are Found in Table A.l
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Figure 4.4. Cellular Growth Rate in SGW made according to Table 4.3. Plotted data are found

in Table A.2.
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Figure 4.6. Cellular Growth Rate in Sample from Well 199-H4-4. Phosphate was added.

Plotted data are found in Table A.4.
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Figure 4.7. Cellular Growth Rate in Sample from Well 199-D5-15. Data are found in Table

A.6.
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Figure 4.8. Cellular Growth Rate in Sample from Well 199-D5-15. Data are Found in Table
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Figure 4.9. Slower growth was observed in groundwater from well 199-D5-15. Data are Found

in Table A.5.
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Figure 4.11. Time Progression of Nitrate, Nitrite, and Acetate Concentrations in Sample from

Well 199-H4-4 (Data Table A.4). Legend: •- Nitrate; Nitrite; Acetate.
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Figure 4.12. Time Progression of Nitrate. Nitrite, and Acetate Concentrations in Sample from

Well 199-D5-15 (Data Table A.7). Legend: •- Nitrate; Acetate.
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It can be seen in Figure 4.13 that the nitrate concentration is reduced approximately two-thirds

(from 57 mg/L to 20 mg/L) during the course of the test. This was to be expected since only two-

thirds of the stoichiometrically required amount of acetate was added. Similarly, when a 1: 1

stoichiometric ratio of acetate to nitrate was added to the shake flask, as shown in Figure 4.14, both

the acetate and nitrate were depleted at the same time. In Figure 4.15, a 3:2 stoichiometric ratio of

acetate to nitrate was used. This acetate to nitrate ratio consumes all the nitrate while leaving excess

acetate. It is not known why a nitrite residual occurred in this test. Since this test was run with

groundwater obtained from a different sampling period, the different initial nitrate concentration is

likely because of variations in groundwater sample nitrate concentrations. These tests confirm

Equation 6 in Section 3.2.2, provided enough acetate is present to denitrify the solution. In the pilot-

and full-scale system , just enough carbon source will need to be added to reduce the nitrate an nitrite
s^a

--eonceittratiIIns below the performance level. This will reduce chemical operating costs and ensure
h+°a

that excess organic carbon is not disposed with the process effluent.
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Denitriflcation in Composite Groundwater (Data Table A.14). Legend: •-
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Figure 4.14. 1:1 Stoichiometric Ratio Acetate in Composite Groundwater

(Data' Table A.l5). Legend: •- Nitrate: Acetate. Nitrite was at

Detection Limit of 1 mg/L.
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4:1:2:3--pH Hependence. Figure 4.16 show, the effects of different pH values on the time

progression of the nitrate concentrations. It can be seen that pH 7 removed nitrate most rapidly,

followed by pH 8 and 6. Data for pH dependence are found in Tables A.8 to A. 11. Although the

results are not included on Figure 4.16, one flask at pH 6 did not show any denitrification activity,

indicating that pH 6 is on the limit for biological activity. This result follows a similar trend

____---observed inthe-literature and is shown in Figure 4.17. The large volume denitrification test and the

final confirmation tests were run at the natural raw water pH to give a more representative picture of

the actual conditions, under a regime of minimal chemical addition. At the pilot-scale, provisions

should be made in case some pH adjustment is necessary.

During the treatability tests, varying amounts of nitrite were produced. Although the detection

limit is only 1 mg/L, in many tests nitrite was not detected. However, at pH 6, nitrite concentrations

up to 59 mg/L were observed. The experiment was stopped after the nitrate concentration was
.

with-reduced to ss tRatrimg/c.--Ai t his time, ^`4 of the nttnte praduced 52tH remameu in soiuticm; wtm

on!y 1i4 or the nitrite degraded: Since the maximum EPA allowable nitrite concentration is 10 mg

N02/L (3.3 mg NOZN/L) (US EPA 1971), at the pilot-scale, both nitrate and nitrite concentrations

will have to be monitored care'iuiiy to insure complete degradation. This accumulation of nitrite at

__ __low_pH should_nothe a_ptoblemsince thepiLotSCeledenitrification process will not be operated at

pH 6 because of the low nitrate reduction rates. Nitrite degradation at pH 7 and 8 was rapid.

In addition to the fact that initial pH affects the denitrification rate, it was desirable to know

the effects that denitritication had on the final pH. The process of denitrification removes hydrogen

ions (H`) from solution. Therefore, the pH of a reactor will tend to go up as a result of

denitrification. The actual amount c f increase in pH is determined by two factors; I) alkalinity, and

2) carbonic acid from CO. production. The alkalinity of the 100 Area groundwater is approximately

100 mg/L as CaCO,, giving an indication of the good buffering capacity of the groundwater. The

` -i denoncl^ tzn't,P dpn _ f ,. . ' ^".,t,,,. •r^te of If .emeva --;._---° -..a,...catton rate: while the ,,a,bottic actd N.^,^u.,tton depends

both on the amount of denitrification and the amount of aerobic degradation present in the reactor.

Because of the relatively low nitrate concentrations present in the 100 Area treatability tests, the pH

remained relatively stable, indicating a balance between carbonic acid formation, H` removal, and

buffer capacity. This is illustrated in Figure 4. 18.
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Figure 4.16. Time Progression of Nitrate Concentration in Composite Groundwater at pH 6, pH
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4.1.2.4 Temperature Dependence. Figure 4.19 shows the effects of temperature on the time

progression of the nitrate concentration. This is a commonly observed trend for microbial reaction

rate kinetics, and follows closely the trends given in the EPA (1975) Manual for Nitrogen Control.

The Hanford cansortia appears-to-be slightly -less sensitive to te.:.peraLure than the results published

by Dawson and Murphy (1972). A value of the activation energy, Ea, was obtained from modeling

analysis of the treatability test results. It is -12,000, rather than -16,800 (cal g-mol-' ), although no

statistical evaluation was performed.
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Figu_re-4,19_ _Comparison_n%--Nitiate_Gostcentration_Reduction_in_Com4tOSiteSrrotindwater at (A)

15°C, (B) 25°C, and (C) 35°C. Data from Tables A. 12, A.9, and A. 13, Respectively.
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4.1.2.5 Acetate and Methanol Comparison. Acetate and methanol were compared for use as a

carbon source for running the treatability tests. Acetate was chosen as a test compound because it is

non-flammable, easy to measure, and gives good denitrification rates. Methanol is the industry

standard because of cost-benefit ratio at very large scales. Methanol, however, is tlammable with a

- flashpoint of 52°F (13.9°C), and gives a slightly slower rate of denitrification (Figure 4.20). The

flashpoint of acetic acid is listed on the material safety data sheets (MSDS) as 103°F (39°C).

The February 22, 1993, Chemical Marketing Reporter indicates that the price of methanol was

$0.154/Kg methanol, and acetate was $0.727/Kg acetic acid. Acetate is the deprotonized form of

acetic acid. Calculations based on the stoichiometric ratio of each carbon source indicates that the
e--^^
i' cost for nitrate removal with methanol would be $0.086/Kg nitrate, whereas the cost for acetate

C:aFs

would be $0.599/Kg nitrate. The cost ratio of these two carbon sources is 6.96, indicating that

e• acetate would be nearly seven times more expensive in raw chemical costs as compared to methanol.

Because of the relatively small amount of nitrate present in the groundwater, however, this cost ratio

may be somewhat misleading. Estimated raw chemical costs were calculated for a nitrate removal of

A -
L at fritir

A...
u^w

. i_..a....a / T..
a
LI.. A C\

--__w - mg- 1'vT-g -- procesa aic ^^uic v.J).
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0.
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^ MethanolAcetate
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Figure 4.20. Nitrate Removal over Time with Acetate and Methanol
GroundwateL>Datafonnd in Tnhlr A.9 and a.17_ Rrvnrr.rivrlv

IaY

in Composite
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Table 4.5. Estimated Annual Raw Chemical Costs for Alternative Carbon

Sources (Acetate and Methanol) with Process Flow Rate.

Flow rate (gpm) Cost for acetate Cost for methanol

1000 47,600 6,830

lnn a,76n 683

10 476 68

1 48 7

rr-^
pT^

Aithough-Tabie 4.5 was not adjusted for volume discounts and handling costs, it can be seen
r ^r
Iv- ----- ---that-at3 Very--largescal&(lr0L10gpm)-signttic'e?nt-Eavingc rnul^i he achieved using methanol, but at
4 _

smaller scales the savings become less with regard to the costs for the rest of the project and the

required significant increase in safety considerations for the use of methanol. To obtain more

information on the Hanford consortia's response to methanol, the two final tests (large volume

denitrification and final confirmation tests) were run using methanol as the carbon source.

4.1.2.6 Large Volume Denitrification for Chemical Precipitation. This test was run at 20°C and the

---- ------ -- -----natural pH Bf-7.8, and-the denitritied-water-was transferred to WHC for t;^rther testing of metals

removal processes. Methanol was used as the carbon source because of the potential for significant

savings in operating costs at a very large scale. The pH was monitored and after a few days was

found to vary between 7.0 and 7. i: This drop in pH is probably the result of carbon dioxide

solubility. This explanation is further supported by the fact that subsequent sparging of the solution

with helium raised the pH to 7.9.

The large amount of methanol required to denitrify the groundwater (Figure 4.21) is likely the

result of oxygen leakage into the fermentor. The stoichiometry of nitrate to methanol removal in the

large volume test is much less than observed in either the methanol tests or the final confirmation

tests. Pilot-scale equipment should be designed to minimize the amount of oxygen entering the

syste....
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Figure 4.21. The Large Volume Denitrification Fermentor had Significant Oxygen Leaks,

Z;ausiag Much More Methanol to be Required for Nitrate ReinovaF in Coinposite Gioundwater
(Data Table A.16).

4.1.2.7 Final Confirmation Testing. In Figure 4.22, data for methanol, nitrate, and nitrite are shown

for all six replicate flasks (from data Tables A. 19 to A.23. Appendix A). The scatter for nitrate and

nitrite removal is typical for biological tests; however, the larger scatter for the methanol data is

Prabably rePresemative of oxYgetrfeaks-insometlasks.- The Probai;iiitY of an oxygen leak was

eincreasedby the frequency of sampling and the removed sample size. It can be seen in Figure 4.22

that the flasks were sampled quite frequently. It should also be noted that the sample volume required

by the external lab was four times higher than what was required for our internal analyses. These

tests confirm the results obtained in the earlier methanol tests and provide kinetic data to design a

pilot-scale nitrate treatment unit.
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Figure 4.22. Final Confirmation Test Data on Composite Groundwater Scatter-plot for Six Replicate

Flasks. Data Found in Tables A. 19 to A.33.
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Radionuclide removal data are given in Table B. I (Appendix B). Gross alpha levels were

lesiuced_from an average of 7.2 oCi/L to 5.4 pCi/L, indicating a 25% reduction in gross alpha.

Because of few samples, the confidence interval is large around each average. The 68% confidence

interval for the value 7.2 is from 9.05 to 5.35 pCi/L. For the 5.4 value, the confidence interval is

from 6.95 to 3.85 pCi/L. Therefore, the data obtained on gross alpha do not show a statistically

significant removal at the 68% confidence level. Although the biological removal of gross alpha

emitters from the groundwater appears promising even with the very low biomass concentrations,

more measurements will need to be made at the pilot-scale to determine if the reduction is significant.

Gross beta levels were only reduced an average of 2.5%, dropping from an average 31.05 to

30.25 pCi/L, indicating that very little reduction was observed. The significance of this result must

also be taken cautiously since few measurements were made in the determination, and the biomass

concentration was so low that it would be difficult to measure a change in the radionuclide

concentrations.

The measurement of total suspended solids was made using a 0.2 micrometer filter, rather than

the larger pore standard glass fiber filters, because the tinal biomass concentration was undetectable

using the larger pore filters. Suspended solids data and qualitative observations regarding settling and

filtration are given in Appendix C. Measurements using this method will give higher values for the

suspended solid5 n-:easuretrients than the triethods typlcally used to exatmfie wastewater. Therefore,

the results given here should be viewed as the maximum biomass production from the degradation of

nitrate. The average suspended solids concentration was 9.0 mg/L with a standard deviation of

3.1 mg/L. The observed biomass yield for denitrification with methanol as a carbon source is

thetefore (9.0 mg TSSiLV(45 mg NO,%L-) or 0.2 ± 0.066 ing TSS/mg NO,. Raw suspended solids

data are given in Table C.l.
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4.1.3 Comparison to Test Objectives

Specific test objectives are listed below:

-t.-- ---Deterrninertf inhitiitory,cornpouiids are present - necause the 100 Area groundwater may
-contain-compeuads-that-inhibit microbial denitrificati€n,tests- sve-re-run to c#etermine if ^e rate
and extent of denitrification in the groundwater was comparable to the rates commonly
expected. This objective was accomplished by comparing denitrification and growth rates in
100-HR-3 groundwater to rates in a SGW under identical conditions. While the growth rates
in raw grn»ndwarer were not as high as those observed in the SGW, denitrification rates were
sufficient to reduce nitrate concentrations to below the performance levels.

2. Determine the extent to which carbon limitations affect denitrification - This was done to
ensure that nitrate was indeed the rate limiting nutrient and to determine the effects of carbon
limitations on denitrification rates. Since the MCL for nitrate is 45 mg/L, a pilot-scale system
may be operated in a carbon limited manner and still remove enough nitrate to effectively
remediate the effluent water, although careful measurement and control of nitrite will be
required. The extent of denitrification behaved as expected based on the reaction

...
-stotchtomet€} -- and tl3e-rates-were not afTected by havmg a-ca ou^- uIu;t^ ^t̂tlu«-°---- ----- ktf.'d;-raulea'-tl'i$n a â«w-
limited, environment.

3. Determine denitrification rates at pH values 6, 7, and 8 - The biochemical reactions for
biodeniBrrFic,atior..,.,;ults-in-au incredSc-infhe-soluti:;n ^u n---- ,i ^^ on the buffering^,... .^„^,,,..,...s
capacity of the groundwater, this increase may be large or small and may affect denitrification
rates. in addition, information on the effect of pH on denitrification rates may play a
significant role in integrating chemical and biological treatment at this site since pH control
^t'{

_ ,
,,.a,=--- -s an tmportant ro{i; in chemtca{ peec;tpttatiarc Inttiaf ttteasuie,neuts of grourruwater pH
were between 7.6 and 8.0. An effect of pH on the maximum growth rate was observed. At
pH 6, the specific growth rates were approximately one-half that of pH 7. In unbuffered
groundwater, the change in_pH inihesesesss was yery srnalt_bxcause of_the_low-nitrate
concentrations. At this time it cannot he determined if pH adjustment would be more or less
cost effective than potential increased equipment sizing.

4. Determine the effect of temperature on the rate of denitritication - Even with a relatively stable
groundwater temperature, an ex-situ process at the Hanford Site may expect certain
temperature fluctuations throughout the year. This objective, specifically, was to determine
denitrificationrates at i5°i, 25'^, and "S'C . Generic rate expressions that account for the
effect of temperature on denitrification rates exist, but the constants should be verified under
site-specific conditions. The groundwater temperature in the 100 Area was typically in the
range 17 to 20°C. The growth rate of the Hanford consortia appears to depend on temperature
slightly less than limited literature data suggest. A value for the activation energy in the
Arrehenius Equation, E°, of -16,800 (cal/gmole) given by Dawson and Murphy (1972), is
slightly lower than the value near -12,000 obtained from this data.

5. Determine carbon source and dosage - The role of the carbon source is important in
determining denitrification and biomass production rates. The carbon sources that were

compared-are aceia[e and methanoi. methanoi is an industry standard because of its cost, but
acetate gives `raster denitritication rates. Dosage was determined by analyzing observed yield
values after removing nitrate and producing biomass. The desirable carbon source would be
inexpensive and support a high denitrification rate while producing a small amount of biomass.
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- initial-dosage was determined from Equation-5-or 6. These tests gave data to predict the
amount of carbon source required to remove a specific amount of nitrate from groundwater.
Both carbon sources gave good denitrification rates, although acetate gives faster
denitrification. Cost and safety issues will still need to be determined before the pilot-scale
treatment process.

Final confirmation tests and their results are listed below:

1. Confirm that performance levels could be met - A final set of integrated batch tests were
performed to evaluate the site-specific reaction rate kinetics and confirm that denitrification
could reach the desired performance levels of 45 mg/L in 100 Area groundwater. These tests
showed that biodenitrification could reduce nitrate concentrations far below the 45 mg/L.

2. Determine the amount of chromium and radionuclide adsorption to biomass - Although some
information is availableon_thetxtent of chromium unrake by the Hanford denitrifying
consortia, the information on the extent of radionuclide adsorption is limited. Radionuclide

k__ remuval-inthe_formnf gross-alpha?nd betagave mixed results. A removal of 25% of gross
alpha appears promising, though 2.5% for gross beta is not. The statistical significance of the
removal for gross alpha is low due to the relatively few samples and very low biomass
concentrations. The measured reduction of 15 µg/L (1.5%) for chromium was from 990 ± 80

^^;. to 975 ± 80 µg/L. In both the radionuclide and chromium data, contaminant reductions are
not statistically significant.

. . .
,,.es thath:ereacter-types-tor-pt ct-scale-tests- 3:.̂ ,.r° •"'t^'' ,t.,t .., t should be evaluated at

the pilot-scale are recommended based on denitrification rates observed in these tests. The
recommendation does not include information about costs. For simplicity to build and operate,
and because of the relatively low amounts of nitrate to be removed, either a fluidized bed
reactor or a packed bed reactor is recommended (see Section 4.1.4 for details).

4.1.4 Recommended Biodenitrification Reactor Designs

Two basic types of continuous biological reactors can be used to remove nitrate from a

groundwater stream: 1) suspended growth and 2) fixed film. In a suspended-growth reactor, nearly

all microorganisms are free-tloating in the liquid phase. This reactor type is more sensitive to both

chemical and hydraulic "shocks" since the microbes can be completely washed out of the system.

- Most suspended-grewth systems are operated in the form c+fan activated sludge process, whereby

--------- -- - OmaSS-:70m-a-dCwnSIFeam-C-lart.tei'-t4rt'm{rCdueed-in[C[he Ceai,tfir-[Fi{i()(i3t-tl'ic biv^TiaiS

coneentrations. Suspended-growth reactors do not require periodic backwashing and are easy to

operate if-r?latively-stable conditions are expected,and viable hiomass-ean be readily separated for

- recyciing. Suspended-growth systems have a iowerbiomassconcentration and therefore typicaiiy

require a larger hydraulic retention time than fixed-film reactors.
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A fixed-film system is a biological reactor that has biomass attached to some type of solid

support media. Three typical fixed-film configurations include 1) deep-bed filters, 2) rotating

biological contactors (RBC), and 3) fluidized bed reactors (FBR). Each fixed-film reactor

configuration has certain advantages and disadvantages.

Deep-bed filters are columns packed with an inert packing material. Microbes attach to the

material while at the same time nitrate containing water is passed through the packed bed. The

advantages are that few moving parts are required and efficient nitrate removal can be achieved.

Disadvantages are that the unit requires periodic backwashing to maintain open flow channels for the

water to pass through and to prevent plugging of the column. Biomass that detaches from the solid

media can plug the flow channels causing "short-circuiting" or channeling of the process stream.

This channeling causes the mean liquid residence time of the reactor to decrease, and contaminant

breakthrough can occur. For continuous operation, the requirement for periodic backwashing can

mean that the reactor must be taken off-line. In this case, a second deep-bed filter is required to

maintain continuous operation.

Rotating biological contactors are reactors composed of liquid holding tanks with shaft-

mounted rotating disks for microbial attachment. The rotation of the disk mixes the liquid for

increased iriass transtet to the attached film. The RBC's do not suffer from problems of channeling,

but do require some type of biotilm removal. This is usually achieved on a continuous basis with

some type of scraper arrangement to physically remove the biotilm after it has reached a

FrVdetcrm!ned-t}:tckaess:- Fl;^:^zed h d-. a: a:s T:a`re- th.:-s,tme-ad:%a.n,tuges ",:.,- a deep hed t:lter

without cheproblemsasso.ciated_wir,lt channeling and nlugging. This is because the packing material

is "fluidized" or suspended by the force of water moving upwards through the reactor. An FBR has

good mixing characteristics and has the fastest denitritication rate per unit reactor volume.

Disadvantages include a more technical start-up period to achieve good tluidization and the added

equipment required to separate entrained solids from attached hiomass.

Guidance from the 100-HR-3 Groundwater Treatability Test Plan (DOE/RL-92-73)

recommends a pilot-scale process tlow rate of I to 5 gpm, so only continuous flow biological reactors

are addressed here. A hybrid reactor. called a sequencing hatch reactor (SBR) could he used at the

pilot scale and should be addressed. The SBR is tilled with contaminated liquid, allowed to react for

a set period of time, and then emptied after the contaminant concentration has been reduced to an

n7
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acceptable level. This is the SBR process cycle. Typically, SBR's are used for high concentrations

of slowly reacting species. This allows more control over the process. A disadvantage of this is that

fast process cycling requires more attention than comparable continuous processes. Because of this,

--- ---- --- --------SBW3are-lesS eom.TioFily i33ed-lor- low concentrations of fast-reactii.g species, such as nitrate near the

drinking water standard. A typical SBR process cycle is on the order of 12 to 48 h. The cycle

includes the following steps: fill with liquid, react to degrade contaminant, settle biomass, decant

clean effluent. Then the cycle starts again. For a process flow rate of the recommended 1 to 5 gpm,

a 12-h cycle time would require two 720- to 3,600-gal reactors. If the pilot- or full-scale chromium

remIIVai p-oeess were to-be operated as a batch proccss, theri an SBR may be beneficial.

In summary, based on the relatively low nitrate concentrations found in the 100 Area operable

unit,a-fixed'tilmreactor system is-recomntended.forfi!rtherpilot-scale smdies-. PorSimplicity, a

deep-bed fixed film reactor with an open (very porous) packing is recommended.

4.2 QUALITY ASSURANCE/QUALITY CONTROL

The goal of this project is to provide quality data to aid in designing a pilot-scale

dehitrification and chromium removal facility. Every effort was made to meet both the spirit and the

letter of the existing QA requirements. The guiding document for this effort is the Quality Assurance

Project Plan (QAPjP) given in Appendix B of the "100 Area Groundwater Bench-Scale Treatability

Study Procedures" (Peyton and Martin 1993).

data nualiy objectives(DQO)fouttdinTablr45were formulated using the definitionsThe

found in Section 4.2.1.

4.2.1 Data Quality Objectives Definitions

For measurements where standard reference materials (SRM) were used, percent recovery was

calculated.
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%R = 100 x 'S

Csa
(14)

where

o%A ArrAnt rrv.. -p .w....w .ery
S = measured concentration in aliquot

C., = actual concentration of reference material

,...,

For this project, measures of analytical precision were determined by analyzing laboratory duplicates.

Laboratory duplicates were prepared by homogenizing and splitting a sample in the laboratory and

thea r' t n-c Ir.c t.e-Cnttre$na 't18d1 p^..,-,rar.r}mg . ^ts:tirtp.^., t, rc-,vug ^ - r-0c-eS ..P..eC.isi)'2 Eanbe-e:pre`osed 1.i

termc of the relat;ve percent difference (RPD).

(C1-C,)
RYU =

I (C1+CZ) /2]
X 1U0 -(15)

where

RPD = relative percent difference

C, = larger of the two observed values

C, = smaller of the two observed values

A measure of the amount of valid data obtained from a measurement system compared to the amount

, .that wyf ^^R r^^ += ^^jbtained under rormal conditions is detined as the completeness of the data.

`oC=10ox V
n

where

V = Numberof-Valid Data Points Acquired

n = Total Number of Data Points

(16)
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-- The detectionlimitistheminimum concentration of a substance that could be measured and reported.

Method Detection Limit (MDL) is the minimum concentration of a substance that can be identified,

measured, and reported with 99% confidence that the analyte concentration is greater than zero. The

detection Gmits were lower than the performance levels stated in the 100-HR-3 Groundwater

Treatabilitv Test Plan , Table 1.2.

The MDL is defined as follows:

MDL = 4o-i. i-,.=,) = S

where

MDL = method detection limit

S = standard deviation of the replicate analyses

t(„_,. 1_,=0.99) = Students' t-value appropriate to a 99% confidence level and a

standard deviation estimate with n-1 degrees of freedom

4.2.2 Observed Data Quality

The data quality objectives found in Table 4.6 were designed so that gross errors in data

(17)

quality would faitvutside the range for relative percent difference and percent recovery. Actual data

were of much higher accuracy and precision.

The most important parameter to this study, nitrate, had a relative percent difference of

approximately 5 to 10% at concentrations above 20 mg/L. The percent recovery (%R) for an NIST

--atandard£t- 10 mg/L were in-therange iTi-90-l-10-%-.- -A-t'oitiparison of nitrate and nitritc

concentrations measured in our lab and at the PNL 325 lab is found in Table B.2. Percent

completion is greater than 100% since many more samples were analyzed than had been originally

planned for.
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Table 4.6. Data quality objectives for samples. References are listed at tlite bottom.

Analyt^ranneter EPA Analytical Detect. Units of RPD (%) i%R Completion

(measurement method) level method limit measure (%)

Temperature IIl Method 170.1 NA C <20 i NA 90

(Thermometric) Ref. I

pH III Method 9040 NA pH units <20 NA 90

(Electromeu'ic) ' Ref. 2

Methanol III Method in Test NA mg/L 40 50-150 75

(gas Chrnmatography) Procedurt'

Appen. A

Acetatc III SOP N 1 mg/L <40 50-150 75

(lon ('hromatography) 93-BR6-0001

Nitrate III SOP N l mg/L <40 50-150 75

(lon Chromatography) 93-BR6-0^001

Nitrite 111 SOP k I mg/L <40 50-150 75

(lon Chromatography) 93-BR6-0001

^
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Table 4.6. (cont:). Data quality objectives for samples.

Analyte or parameter EPA Analytical Detect. Units of RPD (%) %R Completion

(measurement method) level method limit measure (%)

Total Suspended Solids III Method 2540 NA mg/L 540 NA 75

Ref. 3

Total Volatile Sulids III Method 2540 NA mg/L 40 NA 75

Ref.3

Gross Alpha III PNL-ALO-460 10 pCi/L <_1,40 50- 150 75

P N L-ALO-461

Gross Beta III PNL-ALO-462 30 pCi/L 40 50-150 75

PN L-;4 LO1163

Bacteriul Numhers (MPN) III Methrrd 47-3 1000 Bacterial 10-1000 NA 75

Ref. 5 modified Number

for Durham tuhe

confirmation.

Chromium (VI) 111 PNL-ALO-227 100 µg/L <40 'i0- 75

(Colorometric) 150%

n
^
O
rn
z
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Table 4.6. (cont.). Data quality objectives for samples.

Analyte or parameter EPA Analytical Detect. Units of RP'D (%) i%R Completion
(measurement method) level method limit measure (%)

Chromium, Total III PNL-ALO-211 50 pg/L <40 50-150% 75
(Atomic Absorption)

1- U.S. Environmental Protection Agency. Methods for the Chemical Analysis of Water and Wastes. EPA-600/4 79-020. March 1983.
2- U.S. Environmental Protection Agency. Test Methods for Evaluating Solid Waste. Third Edition. SW-846, 1986.
3- Standard Methods for the Examination of Water and Wastewater. LS Clesceri, AE Greenberg, and RR Trussel (Eds.), 17th Edition,

1989.
4- Found in PNL-MA-567 Analyitical Chemistry Laboratory (ACL) Procedure Compendium Vol. III and Vol. V.
5- Methods of Soil Analysis, Part 2 - Chemical and Microbiological Properties, Second Edition, A.L. Page, R.H Miller, and D.R. Keeney

(Eds.), American Society of Agronomy, Inc., Madison, Wisconson, 1982.
NA - Nrn Applicahle
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APPENDIX A

RAW SHAKE FLASK DATA
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Explanation of Column Headings and Symbols used in the Tables in Appendix A.

..,. >

CG'Y

NO3_ __--__Thestandard chemical symbol for nitrate

NO2 The standard chemical symbol for nitrite

CFU Stands for "most probable number of bacterial colony forming units."

QA Sample This column heading was used to indicate that this sample was a replicate of another

sample, and could be used to calculate the quality assurance relative percent difference

nararnctcr.

--- Indicates that a sample was not taken or analyzed.

ND indicatest_haL-theanalytewas "Not-Detected"- orthat-thecancentratiomluaa below-the
method detection limit.
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Table A. i. SGt`v' inhibition iest i, Replicates 1 and 2. See Comment Below Regarding Phosphate
Concentration of this Test.

T
;...,. X.n
llllG 1\ll3

r.rn A-.,.' r- cU QA
lvvZ nl,OtalO l.l

mQ/Ll... --- tpQ/LL-----;nQ/L (f^mLl CamnlP CgM;n,IP trl

Replicate 1

d --- --- --- 9.3E+02 --- 54999-12-S-3
8 --- --- --- 1.7E+03 --- 54999-12-S-5

12 --- --- --- 1.6E+04 --- 54999-12-S-7
101 --- --- --- 3.5E+06 --- 54999-12-5-9

• Replicate 2^ ^..

3
4 --- --- --- 2.5E+03 --- 54999-14-S-3
g _ 7 oE+nz 54999-14-5-5

^.. ; . ^ --- --- --- 1.6E+06 --- 54999-14-S-7
101 --- --- --- 3.5E+06 --- 54999-14-S-9

c;,

Comments: These data were used to make Figure 4.3, which shows CFU increases in a
very high phosphate buffer concentration (13,600 mg KH2 P04/L ). This concentration of
phosphate was reduced to allow ion chromatographic analysis of nitrate and to prevent
possible calcium or magnesium phosphate precipitation. Subsequent SGW formulations were
made as written in Table 4.6 using only 68 mg KH, PO,/L.

A-2
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^.,..a

k5"

Table A.2. SGW Inhibition Test 2, Replicates 1 and 2.

Time NO3 NO, Acetate CFU
(h) (m8/L) (m2/L) (m8/L) #/( /mL )

Replicate 1

QA
Sample Sample ID

0 67.4 ND 100.53 2.20E+03 ---
12 66.45 ND 94.00 1.30E+03 ---
14 66.2 ND 92.85 --- ---
16 65.65 ND 90.90 1.10E+03 ---
,O LG O ATTI- _-----

114 ll
_On Cr'
07.JV --- ---

20 65.41 ND 88.83 3.50E+04 ---
22 65.41 ND 91.29 --- ---
24 65.3 -0.3 83.42 2.60F+05 --YES
24 -_-64 65 -- _-0.4 83,83- - - 1,70F.+04 YES
38 11.48 37.4 68.79 ---

284 ND ND 41.42 --- ---

Replicate 2

54999-32-S-1
54999-32-S-2
54999-32-5-3
54999-32-S-4
54999-32-S-5
54999-32-S-6
54999-32-S-7
54999-12-S-9
54999-32-S-8
54999-32-5-10
54999-32-S-I1

0 71. 04 ND 102. 37 4 .50E+02 --- 54999-34-S-1
12 69. 74 ND 99. 48 --- --- 54999-34-S-2
14 69. 09 ND 93. 69 --- --- 54999-34-S-3
16 68. 66 ND 90. 85 3 .30E+03 --- 54999-34-S-4
18 ---68. 16 ND on w --- 54999-34-S-5
20 67. 37 ND 89. 83 3 .30E+03 --- 54999-34-S-6
22 67. 03 ND 83. 94 --- --- 54999-34-S-7
24 65. 44 ND 75. 92 2 .40E+04 YES 54999-34-S-8
24 72: 42 ND - 83: 13 - -- -- --- -- YES 54999-34-S-9
38 22. 84 27.84 33. 13 --- --- 54999-34-S-10

284 ND 18,36 3. 66 --- --- 54999-34-5-1 i
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Table A.3. H4-4 Inhibition Test 1, Replicates I and 2.

Replicate 1

Time NO3 NO2 Acetate CFU QA
(h) (m¢/L) (me/L) (mg/L) (#/mL) Samule Samine ID

0 62.23 1.69 79.76 - -- --- 5499-8-H-1
2 61.88 2.13 79.58 --- --- 5499-8-H-2
4 62.13 1.67 78.55 3.30E+03 YES 5499-8-H-3
4 61.85 1.25 72.64 --- YES 5499-8-H-8
6 61.99 1.08 74.84 --- --- 5499-8-H-4
8 62.12 0.82 75.04 3.30E+03 -- - 5499-8-H-5

10 61.75 d0 77.99 --- -- - 5499-8-H-6
12 61.5 2.87 71.33 3.50E+05 --- 5499-8-H-7

101 49.81 -- - --- 5.40E+06 --- 5499-8-H-9
146 49.39 0.32 --- --- --- 5499-8-H-10
173 49.19 0.32 --- --- - -- 5499-8-H-11
199 49.29 0.41 --- --- - -- 5499-8-H-12
263 50.12 4.63 - -- --- --- 5499-8-H-13

Replicate 2

0 61.79 1. 28 78 .66 - -- --- 5499-10-H-1
2 61.8 0. 83 78. 34 --- --- 5499-10-H-2
4 61.96 1. 04 76. 49 2.40E+04 --- 5499-10-H-3
6 61.82 0. 97 79. 28 --- --- 5499-10-H-4
8 61.65 0. 81 78. 41 2.20E+05 YES 5499-10-H-5
8 61.69 0. 82 74. 8 L.70E+04 YES 5499-10-H-8

10 61.7 0. 92 78. 32 --- --- 5499-10-H-6
i2 6 1.18 -2. 94 - ---77 :5 - 5.40E+05-_ =-- 5499-10-H-7

COMMENTS: Although these data are labeled an inhibitory test, the test was run before
ini€iat;ng addtng Rhosphate to the medta to ti^nsure that there were no phosphate limitations.
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--- ---------- Table A.4. - H4-4I{!h1b1t4on Test 2 , Replicates anr..i 2............ . .... ..

Time NO3 NO, Acetate CFU QA
(h) (m2/L) (me/L) (mg/L) fl(/mL) Sample Sample ID

Replicate 1

0 94.24 ND 89. 24 2. OOE+02 --- 54999-28-H-1
12 92.95 ND 84. 23 4. 00E+02 --- 54999-28-H-2
14 92.4 ND 84. 47 --- --- 54999-28-H-3
16 92.39 ND 83. 06 3. 20E+03 --- 54999-28-H-4
18 92.17 ND 83. 22 --- - -- 54999-28-14-5
20 92.69 ND 76. 81 2. 10E+04 YES 54999-28-H-9
20 91.96 ND 82. 48 3. 90E+03 YES 54999-28-H-6
22 91.75 0.35 82. 48 --- --- 54999-28-H-7
24 91.35 0.67 76. 54 1. 40E+05 --- 54999-28-H-8
38 65.05 24.72 78. 93 --- --- 54999-28-H-10

284 ND ND 12. 4 --- --- 54999-28-14-11

Replicate 2

0 93.67 ND 90.01 1.30E+03 --- 54999-30-H-1
12 91.18 ND 80.71 2.10E+04 --- 54999-30-H-2
14 90.46 ND 75 --- --- 54999-30-H-3
16 90.39 ND 72.61 3.30E+04 --- 54999-30-H-4
18 89.88 ND 71.63 --- --- 54999-30-H-5
20 89.75 0.2 73.42 1.70E+05 YES 54999-30-H-6
20 89.18 0.24 64.21 --- YES 54999-30-H-9
22 - 89:71- - 0.24 72.84 --- --- 54999 30 H 7
24 89.33 0.48 65.54 2.50E+03 --- 54999-30-H-8
38 83.08 5.08 65.24 --- --- 54999-30-H-10

284 ND 12.43 5.77 --- --- 54999-30-H-11

COMMENTS: Two plots are s hown: 1) wi th the full data set to 288 h , and 2) data plotted
in the s tandard 156 h format.
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Table A.5. D5-15 Inhibition Test 1, Replicates 1 and 2.

Replicate 1

-r:„ e
I uuc

wi!l
- 1iV3- N02

.o
A£elal^

rcTl
t.i v

nA
l^^l

fh m°/L` m/1 m/L` ^„/.:,L; Samp le Sample ID

0 47.44 1.11 65.02 --- --- 54999-4-D-1
2 45.75 1.53 63.65 --- YES 54999-4-D-2
2 47.22 1.39 61.97 --- YES 54999-4-D-8
4 45.95 1.16 62.72 1.30E+03 --- 54999-4-D-3
6 47.23 1.46----- ---65.I5 --- --- 54999-4-D-4
8 47.33 0.80 63.32 7.90E+03 --- 54999-4-D-5

10 47.38 0.93 62.17 --- --- 54999-4-D-6
12 47.25 1.40 58.96 4.90E+03 --- 54999-4-D-7

101 37.87 --- --- 3.10E+04 --- 54999-4-D-9
146 37.67 --- --- --- --- 54999-4-D-10
173 37.54 --- --- --- --- 54999-4-D-11
199 37.55 --- --- --- --- 54999-4-D-12
263 37.66 --- --- --- --- 54999-4-D-13

Replicate 2

0 47.21 1.35 67 .03 --- --- 54999-6-D-I
--2 47.28 1.17 67 . 14 = -- --- 54999-6-D-2

4 48.15 1.06 65 .95 1.70E+04 YES 54999-6-D-3
- 4 - - 47.14 - 0.82 62 .44 3.30E+V3 YES ----54999-6-D-8

6 47.28 1.14 66 .20 --- -- - 54999-6-D-4
8 47.29 1.25 67 .06 7.OOE+03 --- 54999-6-D-5
10 47.12 0.92 63 .96 -- - --- 54999-6-D-6
12 47.01 1.80 63 .12 2.20E+03 --- 54999-6-D-7

ini 37_50 54999=6=D=9
146---- - - 37.23 --- -- - --- --- 54999-6-D-10
173 37.27 --- -- - --- --- 54999-6-D-11
199 37.25 --- -- - --- --- 54999-6-D-12
263 37.21 --- -- - --- --- 54999-6-D-13
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Table A.6. D5-15 Inhibition Test 2, Replicates I and 2.

Time NO3
Sh2 (miz/L)

NO, Acetate CFU QA
(m2/L) (m2/L) #( /mL) Sample Sample ID

Replicate 1

0 --48:85
12 48.41
14 4°0.2
14 47.98
16 4811 -
l u^

X-1
7n 47 53

22 47.53
24 47.14
38 46.76

263 ND

Replicate 2

0
12
14
16
.
18
20

-22
24
38

2

(l A

b4

ND 92.83 =_- --- 54999-24-D-1
ND 90.34 6.10E+02 --- 54999-24-D-2
ND 89.64 YES 54999-24-D-3
ND 83.00 --- YES 54999-24-D-9
ND 88.61 2.10E+03 --- 54999-24-D-4
NL 87.88- - - - ---- - --- 54999-24-D-5
ND 84.09 1.40E+04 --- 54999-24-D-6
ND 86.32 --- --- 54999-24-D-7
ND 81.96 1.70E+04 --- 54999-24-D-8
0.28 85.69 --- --- 54999-24-D-10
ND 51.32 --- --- 54999-24-D-11

48.55 ND 86.96
48.17 ND 87.62
47.33 ND 82.72
47.36 ND 83.42
47.2 ND 77.33
46.95 ND 81.02
46.55 ND 79.83
46.64 ND 80.28

46.19 ND 75.19
46.28 ND 78.54
NL - - NL 44.8

6.80E+02 --- 54999-26-D-1
1.10E+03 --- 54999-26-D-2
--- --- 54999-26-D-3

4.90E+03 YES 54999-26-D-4
YES 54999-26-D-9

--- --- 54999-26-D-5
3.90E+03 --- 54999-26-D-6

--- 54999-26-D-7
1.70E+04 - -- 54999-26-D-8
--- --- 54999-26-D-10
-- --- 54999-26-L- 11

COMMENTS: Noise in the_a"tat_edata_is. compounded by plotting both sets of replicate
data on the same plot.
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Table A.7. D5-15 Inhibition Test 3, Replicates 1 and 2.

Time NO3 NO, Acetate CFU QA
l^i (m2/L) (mg/L) (me/L) (#/mL) Sample Sample ID

Replicate I

0-- - 1 . ! 2 -- -5- ND 78.5 1 - -- -- - 54999-66-D-1
24

(^

5L.94

^

1^ITD-

p(^

---771(7V- 6.1VE+V2 ---- ------- - 54999-66L
n

48 42.72 0.75 60.58 --- -- - 54999-66-D-3
64 33.49 0.65 51.31 --- -- - 54999-66-D-4
7-2 31.09 "v.73 45.81 2.10E+03 -- - 54999-66-D-5

^..5 88 25.46 0.44 30.84 --- --- 54999-66-D-6
°^'" -- -- 96 ---23.33 O.1V - --- 26.-48 1.40e+174---- - ---^ 54999-66-D-7.^z r

164 9.33 ND 3.56 --- --- 54999-66-D-8

Z0;;

Replicate 2

^ 51:31- - "^D. 78. 52 6.8f}G+82 54999-`v8-D-1
24 51.15 ND 77. 54 1.10E+03 --- 54999-68-D-2
48 31.30 ND 55. 40 --- - -- 54999-68-D-3
64 8.46 ND 35. 95 4.90E+03 YES 54999-68-D-4
64 -8:55 ND 35: 83 - -- YES 54999-68-D-10
72 ND ND 28. 45 --- 54999-68-D-5
88 ND ND 30. 66 --- --- 54999-68-D-6
96 ND ND 30. 65 3.90e+03 -- - 54999-68-D-7
164 ND ND 31. 20 --- --- 54999-68-D-8

A-8



Wl-ll:-S1J-GN-ES-U43, Rev. U

Table A.8. Composite Sample - pH 6, Replicate 1 and 2.

Time NO3-- NO2 ArPtatP CFU QA
(h) m /L (me/L) (me/L) #( /mL) Sample Sample ID

Replicate 1

0 81.19 ND 98.51 4.50E+02 -- - 54999-52-HD-1
12 81.42_ _ ND_- 99.02 1.00E+00 -- - 54999-52-HD-2
18 81.64 ND 99.13 --- -- - 54999-52-HD-5
24 --- --- --- 1.00E+00 -- - 54999-52-HD-8
26 81.64 ND 99.13 --- -- - 54999-52-HD-10
30 80.06 0.58 110.57 --- -- - 54999-52-HD-12

35 7981 0.59 iUy.Z)Z) --- -- - 54999-52-HD-14
43 80.01 0 109.97 --- -- - 54999-52-HD-16
47 --- --- --- 5.40E+06 -- - 54999-52-HD-17
51 75,68 1,02 -95.44- - - - 54999 52 HD 18

-86 ^i. i 59.35 51.75

Replicatc^ 2

0 79.85 ND 106.75 4.50E+02 -- - 54999-54-HD-1
12 8I.05 ND II0.65 I.OOE+00 54999-54-HD-2
18 80.11 ND 109.7 --- -- - 54999-54-HD-5
2d 2.00E+02 -54999-54-1-In-8

20 -_- --- 1.00E+00 -- - 54999-54-14D-9
26 80_.22 ND 106.75 --- -- - 54999-54-HD-10
30 80.76 ND 107.3 --- -- - 54999-54-HD-12
35 80.23 ND 107.88 --- -- - 54999-54-HD-14
43 80.83 ND 107.61 --- -- - 54999-54-HD-16
47 __ --- I.OOE+00 - - - 54999-54-HD-17
51 80.77 ND 108.07 --- -- - 54999-54-HD-18
86 80.43 ND 107.72 --- -- - 54999-54-HD-20
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Table A.9. Composite Sample - pH 7, Replicates 1 and 2.

Time NO3 NO, Acetate CFU QA
(h) (m2/L) (me/L) (mg/L) N mL Sample Sample ID

Replicate 1

0 82.08 ND 100.89 4.50E+02 -- - 54999-48-HD-1
12 - --- 80:65 ND 94 .95 -1.00E+03 -- - 54999-48-HD-2
18 80.38 ND 90.00 --- -- - 54999-48-HD-5
24 --- --- -- - 3.50E+05 -- - 54999-48-HD-8
26 78.37 ND 85. 67 --- -- - 54999-48-HD-10

- 30 77.57 0.12 95. 15 --- -- - 54999-48-HD-12^ ...
35 75.86 0.79 91. 81 --- -- - 54999-48-HD-14

c-^^LL 43 72.56 2.69 88. 31 --- -- - 54999-48-HD-16
47 L60E+07 -- - 54999-48-HD-17

; 51 49.33 12.82 73. 54 --- -- - 54999-48-HD-18
``-=` -- -- - 86 0.34 26.88 36. 15 --- -- - 54999-48-HD-20
`§,

L\4tlL1M6R. L.

0 81.66 ND --- 7.80E+02 -- - 54999-50-HD-1
12 80.79 ND --- 3.50E+04 -- - 54999-50-HD-2
18 80 ND --- --- -- - 54999-50-HD-5
24 --- --- --- 3.50E+05 -- - 54999-50-HD-8
26 77.76 ND 96. 29 --- -- - 54999-50-HD-10
30 78.91 0.38 95. 33 --- -- - 54999-50-HD-12
35 75.81 1.33 93. 25 --- -- - 54999-50-HD-14
43 66.88 6.67 88. 16 --- -- - 54999-50-HD-16
417, --- --- --- 1.60E+07 -- - 54999-50-HD-17
51 12.96- 30.58 59. 05 --- -- - 54999-50-HD-18
86 ND ND --- --- -- - 54999-50-HD-20
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Table A. 10. Composite Sample - pH 8, Repl icate 1.

Ti,i,e Nvg ,w2 t^ceiaie - C vA

(h) (me/L) (me/L) (me/L1 #(/mL) Samole Sample ID

0 78.73 ND 77.24 4.50E+02 --- 54999-46-HD-1
12 77.03 ND 72.17 1.70E+04 --- 54999-46-HD-2
14 76.79 ND 82.8 --- --- 54999-46-HD-3
16 76.73 ND 82.26 --- --- 54999-46-HD-4
18 76.63 ND 68.37 --- --- 54999-46-HD-5
20 76.41 0.21 81.1 --- --- 54999-46-HD-6
22 76.62 0.21 80.67 --- --- 54999-46-HD-7
24 76.65 0.21 81.49 1.60E+05 --- 54999-46-HD-8

CO --- 76.74 0.21 82.17 --- --- 54999-46-HD-9.^-_ -
26 75.58 0.21 78.62 --- --- 54999-46-HD-10
28 75.94 0.21 78.76 --- --- 54999-46-HD-11

` 30 75.58 0.21 80.27 --- --- 54999-46-HD-12
32 75.85 0.43 79.56 --- --- 54999-46-HD-13
35 75.06 0.53 77.37 --- YES 54999-46-HD-14
35 _ 75.20 0.42 77.80 YES 54999-46-HD-19
39 74.09 0.75 76.74 --- --- 54999-46-HD-15
43 72.52 1.07 77.52 --- --- 54999-46-HD-16
47 70.76 - 1.43 -- 76.24 1.60E+07 --- 54999-46-HD-17
60 56.27 3.71 67.53 --- --- 54999-46-HD-18
86 16 6.08 . 43.55 --- --- 54999-46-HD-20
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Table A.11. Composite Sample - pH 8, Replicate 2.

Time i303 NO,, Acetate CFu
-- - (h) - (mg/L) (mg/Ll (me/L) /mL

llA

Saml2le Sample. ID

0 79.49 ND 86.11 --- ---
-12-- - - -- 77:68 ":D 81.04 4.90E+03 YES
12 77.48 ND 76.22 --- YES
14 77.27 ND 79.63 --- ---
16 77.42 ND 78.58 --- ---
18 75.56 ND 73.59 --- ---
20 74.58 ND 69.03 --- ---
22 74.64 ND 63.23 --- ---
24 73-5$--- ND 58.87 5_40E.±06 ---- ---

r^-... 26 72.51- ND -._- 53.08 ---

28 72.10 ND 50.36 --- ---
^ 30 67.37 ND 33.25 --- ---

,., 32 65.30 ND 14.50 --- ---
_,,....

-
35 61.62 ND --- -10-1--

39 62.12 ND 2.09 --- ---
43 62.76 ND 2.40 --- ---
47 62.31 ND 2.01 1.60E+07 ---
60 62.25 ND 1.47 --- ---
86 62.12 ND 2.09 --- ---

54999-44-HD-1
54999-44-HD-2
54999-44-HD-9
54999-44-HD-3
54999-44-HD-4
54999-44-HD-5
54999-44-HD-6
54999-44-HD-7
54999-44-14D-8

54999-44-T.-1D-10
54999-44-HD-11
54999-44-HD-12
54999-44-HD-13
54999-44-HD-14
54999-44-HD-15
54999-44-HD-16
54999-44-HD-17
54999-44-HD-18
54999-44-HD-20
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Table A. 12. Composite Sample - 15°C, Replicate I and 2.

Time NO3 NO, Acetate CFU QA
(h) (mg/L) m/L (miz/L) l{(/mL) Samole Sample ID

Replicate 1

r.J
0:j
-^_

.:.

aw^^

0 55.32 --- 79.42 9.20E+04 YES 54999-82-HD-1
0 55.07 - --- 76.72 -,7.00E+04 - - - YES 54999-82-HD-1

24 55,18 --- 80.63 --- --- 54999-82-HD-2
48 54.23 --- 75.49 3.30E+03 --- 54999-82-HD-3
72 43.08 --- 57.13 - -- --- 54999-82-HD-4
96 22.06 --- 41.17 2.OOE+02 --- 54999-82-HD-5

>_F? -- -N1:?- --- -- 1 6.37 --- --- 54999-82-HD-8
187 ND --- 17.19 1.60E+06 -- - 54999-82-HD-9
211 ND --- 17,99 1.60E+06 --- 54999-82-HD-1
235 ND --- 18.53 --- --- 54999-82-HD-1

Replicate 2

0 55.2 --- 76. 7 9.20E+04 YES 54999-84-HD-1
0 55.22 76. 13_ - --- YES 54999-84-HD-1

24 55.09 --- 77. 35 - -- --- 54999-84-HD-2
48 54.V2 --- - 72. 571 3.J11E+U3 - -- 54999-84-hU-3
48 --- --- - i.30E+03 54999-84-HD-1
72 45.25 --- 61. 31 --- --- 54999-84-HD-4
96 26.06 --- 45. 52 2.30E+03 - -- 54999-84-HD-5
163 ND --- 17. 97 --- --- 54999-84-HD-8
187 ND --- 18. 81 1.60E+07 --- 54999-84-HD-9
211 ND --- 19. 76 1.60E+07 --- 54999-84-HD-1
235 ND --- 20. 03 -- - --- 54999-84-HD-1

n_iz
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Table A.13. Composite Sample - 35°C, Replicates 1 and 2.

Time NO3 NO2 Acetate CFU QA
u m L m L (me/L) !t( /mL) Sample Sample ID

Replicate 1

0 56.93 ND 71.75 2.OOE+02 --- 54999-58-HD-1
16 56.53 ND 68.85 3.10E+04 -- - 54999-58-HD-2
24 47.74 4.95 64.85 --- --- 54999-58-HD-3
'12 - 20. 35 22.04 cn

.
93

.lt V
Y

Lî
c
J

`_4ceon
11
n

) -J
c

1]
4
-
u
II 3JT

32 20.21 22.12 52.75 1.60E+07 YES 54999-58-HD-7
42 0.1 29.67 42.96 --- --- 54999-58-HD-5
50 ND 19.31 37.15 2.40E+04 --- 54999-58-HD-6s_-

aa ^
\

Replicate 2
Z` -l
`....`

..,.^.. 0 57.1 ND 72.64 4.OOE+02 --- 54999-60-HD-1
'_6-- 55.8-3-- -- - ND 67.36 4.60E+03 - -- 54999-60-HD-2
24 44.94 6.7 59.66 --- -- - 54999-60-HD-3
32 15.73 25.1 49.57 --- --- 54999-60-HD-4
42 -ND - - -30-43--.-- - - - 41.72 54999-60-HD-5
50 ND 21.44 35.28 3.50E+04 --- 54999-60-HD-6
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Table A. 14. Composite Sample - 2/3 Stoichiometric Ratio, Replicate 1 and 2.

Titt'!e ZIO;"`^= Acetaie C F T l QA

(h) m /L (mg/L) ( me/L) (#/mL) Sample Sample ID

Replicate 1

^.

r F̀,

0 56.98 ND 46.36 3.30E+03 YES 54999-74-HD-1
0 56.6 Mn 42.26 --- YES 54999-74-HD-2

48 30.26 ND 6.66 1.60E+06 --- 54999-74-HD-3
64 22.42 ND 1.89 --- --- 54999-74-HD-4
72 21.97 ND 2.81 --- --- 54999-74-HD-5
88 22.02 ND 1.59 1.60E+07 --- 54999-74-HD-6
96 21.72 ND 2.43 --- YES 54999-74-HD-7
96 21.84 Nll ---1VD- --- YES 54999-74-HD-10
164 21.61 ND 1.86 1.60E+07 --- 54999-74-HD-8

RGUTA:QLC 6

0 57.1 ND
24-- - -- 56.92 ND

48 33.3 ND
64 19.72 0.9
72 19.82 ND
88 19.52 ND
96 19.66 ND
164 19.48 ND
164 19.41 ND

44.49 1.70E+03
.---43. 8 6 --- --- -

12.97 3.60E+04
2.74 ---
3.38 ---
3.2 1.60E+07
=.y

2.17 1.60E+07
0.1 1.10E+05

--- 54999-76-HD-1
54999-76-HD-2

--- 54999-76-HD-3
--- 54999-76-HD-4
--- 54999-76-HD-5
--- 54999-76-HD-6

54999-76-i-iD-7
YES 54999-76-HD-8
YES 54999-76-HD-10
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s,r
^.-
r^

.-.^

Table A. 15. Composite Sainple - 1/1 Stoichiometric Ratio, Replicate I and 2.

Time NO3 NO2 Acetate CFU QA
(h) (me/L) m /L (m /L) #(/ mL) Sample Sample ID

Replicate 1

0 57.19 ND 54.03 --- --- 54999-78-HD-1
24 56.62 ND 52.49 --- YES 54999-78-HD-2

56,4R -- --_ND 51.61 YEC --- 5d9QQ-'7R.,-H.,Tl-lfl., .,,, . .. ..,
48 45.64 1.05 5.79 --- --- 54999-78-HD-3
64 42.8 1.57 3.06 1.60E+07 --- 54999-78-HD-4
72 42.27 --1.68 -- 2.31 ';nooo_78-HD-5
88 41.77 1.39 2.91 --- 54999-78-HD-6
96 41.76 1.39 -2 Z9 --- --- 54999-78-HD-7
164 41.52 ND 3.23 --- --- 54999-78-HD-8

Replicate 2

0 57.25 ND
24 56.64 ND
48 23.81 ND
48 23.64 ND
64 6.2.4___ 1VhJ

72 6.08 ND
88 -_ 6.06 -- - - -ND-- -- -
96 ._ _.---6:02 ND

164 6.05 ND

56.65 -- - --- 54999-80-HD-1
56.18 --- --- 54999-80-HD-2
18.13 .1.60E+07 -- - 54999-80-HD-3
18.03 1.60E+07 YES 54999-80-HD-10

YES 54999-80-HD-4
2.73 --- --- 54999-80-HD-5
2.23 1.60E+07 - -- 54999-80-HD-6
3.17 --- --- 54999-80-HD-7
2.99 9.20E+06 --- 54999-80-HD-8
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Table A.16. Composite Sample - Large Volume Denitrification.

Time NO3 NO2 MeOH CFU QA
(h) (me/L) (mg/L) (me/L) (lt/mL) Sample Sample ID

0 27.8 0.04 23.88 4.60E+03 YES 54996-29-1
0 39.08 0.04 23.77 --- YES 54996-29-1

22.5 35.38 0.04 0.00 3.50E+05 YES 54996-29-2
22.5 43.31 "0 ."04 0.00 --- YES 54996-29-2
46.5 40.56 0.04 40.12 - -- YES 54996-30-3
nt c
YV.J --- - -- 4^£n

---
vno
1 GJ

cnnnc orJ_3
JY77V-J

..f.. 70.5 36.71 0.04 35.83 --- YES 54996-30-4
^.. 70.5 --- --- 35.79 --- YES 54996-30-4

94.5 37.16 0.4 16.58 1.60E+06 YES 54996-30-5
94.5 --- --- 14.70 -- - YES 54996-30-5

^-_-! 118.5 27.99 0.62 0.00 --- YES 54996-31-6
118.5 --- --- 0.00 --- YES 54996-31-6
142.5 30.1 0.61 0.69 2.80E+05 YES 54996-31-7
142.5 --- --- 0.68 -- - YES 54996-31-7
166.5 30.22 0.54 0.00 --- YES 54996-32-8
1665 --- --- 000 YF.C 54996-32-8

- - - i 90,5 3I i i - - -- ii_54 - -- -- - - nr.00 3.50E+05 YES 54996-33-9
190,5 ___ n,nn --- YES 54996-33-9
214 30.27 0,51 _ _ 0.00 - -- YES 54996-34-10
214 --- 0.00 --- YES 54996-34-10
2K6--- 18,34 6.09 0.00 --- YES _ 54996-36-11
286 --- --- 0.00 --- YES 54996-36-11

3 10 5--- "-18Z3- - 6J17 _ n42
--

- 9 7nE+05 - -YES -54996-37_12

310.5 --- --- 0.43 --- YES 54996-37-12
3Z4 17.°8 6:03 0.00 YES 54996-37-13
334 --- --- 0.00 - -- YES 54996-37-13
358.5 12.11 9.36 41.05 1.60E+06 YES 54996-38-14
358.5 --- --- 41.89 --- YES 54996-38-14
374.5 0.28 15.99 25.03 --- YES 54996-39-15
374.5 - --- --- -15.28 --- YES 54996-39-15
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Table A. 17. Composite Sample - MeOH growth, Test 1, Replicates I and 2.

Time NO3 NO, MeOH CFU QA
u (m¢/L) ( me/L) m / L) (#/mL) Sample Sample ID

Replicate 1

0 56.-75 ND --- 2.OOE+02 --- 54999-70-HD-1
24 56.51 ND --- --- --- 54999-70-HD-2
48 55.61 ND --- 3.50E+04 --- 54999-70-HD-3
64 52.35 0.42 --- --- --- 54999-70-HD-4

- 7L 50.35 0.49 --- --- YEJ . 54999-70-HD-S

72 50.37 0.48 --- --- YES 54999-70-HD-10
88 46.1 0.78 --- 1.60E+04 --- 54999-70-HD-6
96 43.33 1.08 --- --- --- 54999-70-HD-7
164 ND 7.73 --- 1.40E+05 --- 54999-70-HD-8

Rnnliro tc '7. ..i..,.... .. .,

C:" '

0 56.54 ND --- 2.OOE+02 --- 54999-72-HD-1
24 56.4 ND --- --- --- 54999-72-HD-2
48 55.45 ND --- 9.20E+04 --- 54999-72-HD-3
64 52.69 0.72 --- --- --- 54999-72-HD-4
72 51.05 0.85 --- --- 54999-72-HD-5
88 4'7.39 - - 1.46 3.50E+06 YES 54999 72-HD-6

. ..- -. ... :h-_ _ 41.}I^f 'A -} V^:-^-15

96 44.85 1.92 --- --- --- 54999-72-HD-7
i64 ND 22.02 --- 2.40E+04 --- 54999-72-HD-8
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Table A. 18. Composite Sample - MeOH growth, Test 2, Replicates 1 and 2.

Time NO3

ji^ 'm iL

Replicate 1

0 ---
44 ---
67
67 ---
91 ---
115 ---

._ 139-2
147 ---

^^. Replicate 2

0 ---

44 ---
67 ---
91 ---

91 ---
115 ---
139

147

NO2

---

MeOH CFU QA

(me/L) (mg/L) /mL Sample Sample ID

--- --- 1.20E+02 --- 54999-86-HD-1
--- --- 2.30E+02 --- 54999-86-HD-3
--- --- 7.OOE+02 YES 54999-86-HD-5
--- --- 1.30E+03 YES 54999-86-HD-13
--- --- 1.80E+03 --- 54999-86-HD-7
--- --- 1.60E+04 --- 54999-86-HD-9
--- --- 3.50E+03 --- 54999-86-HD-11
--- --- 7.OOE+03 --- 54999-86-HD-12

--- 3.30E+02 --- 54999-88-HD-1
--- --- 2.30E+02 --- 54999-88-HD-3
--- --- 2.60E+03 --- 54999-88-HD-5
--- --- 1,40E+03 YES -54999-88-HD-7YES ,
--- --- 1.30E+03 YES 54999-88-HD-13
--- --- 4.60E+03 --- 54999-88-HD-9
-- --- 1.10E+04 - -- 54999-88-HD-11
--- --- 6.40E+03 - -- 54999-88-HD-12
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Table A.19. Composite Sample, Final Confirmation Tests Using MeOH, Replicates 1 and 2.

Time NO3 NO, MeOH CFU QA
(h) (mE/L) (me/L) m /L) #( /mL) Sample Sample ID

Replicate 1

0 46.44 0 --- --- --- 54999-96-1
48 30.37 0 55.673 --- YES 54999-96-3
48 --- --- 53.013 --- YES 54999-96-3
97 32.68 11.69 31.999 --- YES 54999-96-7
97 --- --- 31.999 --- YES 54999-96-7
135 0.78 19.02 --- --- --- 54999-96-10
159 0.58 15.55 11.656 --- YES 54999-96-12
159 --- --- 11.888 --- YES 54999-96-12

Replicate 2

0 47.19 0 - -- ---aw` --- 54999-98-1
48 47.7 0 57.21 -- - YES 54999-98-3
48 --, --- 57.309 --- YES 54999-98-3
97- 30.2 11.4-5 51.73 - - - --- ---------- - YES 54000-98-?

97 --- --- 51.724 - -- YES 54999-98-7
135 8.92 25.19 - -- --- --- 54999-98-10
159 0.73 23.15 37.869 YES 54999-98-12
159 --- --- 37.945 - -- --- 54999-98-12

Comments: Replicates I and 2 were sampled less frequently , than replicates 3 to 6 since
split samples were taken and sent to the PNL 325 Analytical Laboratory for external
laboratory confirmation of analytical results. A comparison between in-house and external
analytical results is given in Table B.2. CFU (#/mL) data was discarded for these tests
because of a high degree of visually observed cell clumping. Observed CFU data values
were 2 to 4 orders of magnitude lower than expected, based both on the denitrificaiton rate
and the measured Total Suspended Soiids (Tabie B.3).
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Taoie A:20. Composite Sample, Final Confirmation Tests Using MeOH, Replicate 3.

Time NO3 NO, MeOH CFU QA
(h) (me/L) (me/L) (me/L) (#/mL ) Sample Sample ID

Replicate 3

0 43.78 0 58.85 --- YES 54999-100-1
0 --- --- 58.90 --- YES 54999-100-1
0 48.58 0 --- --- YES 54999-100-13

24 53.57 0 59.95 --- YES 54999-100-2
24 --- --- 59.434 --- YES 54999-100-2
48 48.09 0 55.052 --- YES 54999-100-3
48 --- --- 55.281 --- YES 54999-100-3
n__ no C^

40.UJ
i^ro.
1./L

cn nc^
JL.'+UI

cp
^ ^J

c nnn inn n
J4777-1UV-4

64 --- --- 52.71 --- YES 54999-100-4
73 36.44 3.62 47.207 --- YES 54999-100-5
73 --- --- 48.5 YES 54999-100-5
73 44.05 4.44 47.282 --- YES 54999-100-14
73 --- --- 47.312 --- YES 54999-100-14
87 31.59 9.42 42.386 --- YES 54999-100-6
87 --- --- 42.276 --- YES 54999-100-6
97 20.58 8.63 34.406_ ---___ YES-- 54999-100-7- --
97 --- --- 35.929 --- YES 54999-100-7

111 9.1 21,3 29.592 --- YES 54999-100-8
111 --- --- 29.499 --- YES 54999-100-8
121 5.72 20.31 19.12 --- YES 54999-100-9
121 --- --- 19.168 --- YES 54999-100-9
121 6.33 21.91 19.584 YES 54999-100-15
121 --- --- 19.552 YES 54999-100-15
135 1.09 23.05 --- --- 54999-100-10
145 1.17 22.8 0.892 --- YES 54999-100-11
145 --- -- --- s,I? -------- _ YES 54999-100-11
159 0.89 14.5 0.587 --- YES 54999-100-12
159 --- --- 0.358 --- YES 54999-100-12
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Table A.21. Composite Sample, Final Confirmation Tests Using MeOH, Replicate 4.

Time NO3
(hl (mo/i

Replicate 4

0 46.33
24 41.17
24 ---
48 57.99
48 ---
64 47.54
64 ---
73 37.84
^^ -

87 29.9
87 ---
97 23.67
97 ---

11l 18.48
_141 =--
121 11.04
121 ---
135 2.01
135 2.24
145 1.01
145 ---
159 0.79
159
24 ---
24 ---
87 34.99
87 ---

NO2 MeOH CFU QA
(me/L) - (me/L) (#/mL) Sample Sample ID

0 --- --- --- 54999-102-1
0 56.241 --- YES 54999-102-2
--- 40.177 --- YES 54999-102-2
0.97 55.883 --- YES 54999-102-3
--- 55.779 --- YES 54999-102-3
4.09 54.721 --- YES 54999-102-4
--- 54.343 --- YES 54999-102-4
6 52.577 --- YES 54999-102-5

5 L 107 --- YES 54999-102-5
9.14 49.888 --- YES 54999-102-6
--- 49.268 --- YES 54999-102-6
10.78 45.96 --- YES 54999-102-7
--- 45.904 --- YES 54999-102-7
17.17 . 43.177 --- YES 54999-102-8
_°- - -- - 41302 --- - XES 54909-102-e
19.92 40,752- _ --- YES 54999-102-9
--- 41.42 --- YES 54999-102-9
25.32 --- --- YES 54999-102-10
26.84 --- --- YES 54999-102-15
26.01 36.945 --- YES 54999-102-11
--- 36.868 --- YES 54999-102-11
24.89 35.716 --- YES 54999-102-12

--- 35.766 --- YES 54999-102-12

--- 56.857 --- YES 54999-102-13
--- 56.784 --- YES 54999-102-13
1n,53 5n,I9q = YES 54999-102-14
--- 50.438 --- YES 54999-1 02-1 4
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Tahle A.22. Composite Sample, Final Confirmation Tests Using MeOH, Replicate 5.

Time NO3 NO,
(h) (miz/L) (me/L)

Replicate 5

0 45,19

24 54.5
24 ---
48 31.57
^o
YO

64 40.77
±a<
e^- 64 ---

73 38.88

;. E 73 ---
^ 87 35 83.

87 ---
_'- 97 34.32

97 ---

97 37.79

121 26.13
-121
135 17.03
145 10.37
145 15.29
145 ---

i59 °0.9°0

MeOH CFU
(mg/L) (#/mL)

0 ---
0 57.987 ---
--- 58.13 ---
0.45 55.808 ---
---

cc nno
--- JV.VVO ---

3.04 55.339 ---
--- 54.639 ---
4.67 52.185 ---
--- 51.95 ---
6.89 51.776 ---
--- 52.038 ---
8.99 49.873 ---
--- 50.725 ---
9.78 49.448 ---
i0.5`o 48.94

--- no ooc -----^-^.^^_--- ----
14.72 47.2 ---
--- 47.79
17.15 43.478 ---
16.02 ---
23.41 41.932
--- 41.928

26.51-_

QA
Samnle Sample 1D

--- 54999-104-1
YES 54999-104-2
YES 54999-104-2
YES 54999-104-3
YES 54999-104 3
YES 54999-104-4

YES 54999-104-4
YES 54999-104-5
YES 54999-104-5
YES 54999-104-6
YES 54999-104-6
YES 54999-104-7
YES 54999-104-7
YES 54999-104-14
YES 54999-104-8
YES 54999-104-8
YES 54999-104-9
YES 54999-104-9
--- 54999-104-10
YES 54999-104-11
YES 54999-104-15
YES 54999-104-15

--- 54999-104-12
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Table A.23. Composite Sample, Final Confirmation Tests Using MeOH, Replicate 6.

Time NOz NO, MeOH CFU OA
1;,^- - ------ (r.gJr) !m^!L? imu!L #(/mL) Sample Sample ID

Replicate 6

0 _ _ _ 29.56 0 --- --- --- 54999-106-1
24 44.85 0 --- ___ - -- 54999-106-2
48 35.38 0.42 --_ _-- --- 54999-106-3
64 53.94 2.24 56.707 --- --- 54999-106-4
73 42.68 2.99 56.486 --- YES 54999-106-5
73 --- --- 183 -- -56 YES 54999-106-5.
87 39.49 5.05 55.031 --- YES 54999-106-6

=y`' 87 --- --- 55.149 --- YES 54999-106-6
., 97 31.19 5.98 53.663 - -- YES 54999-106-7

97 --- --- 53.24i r.
-G

cennn inc -r
JY777-1VV-/

-^-r ---tti 27:7 ^aaiy.^a i6- -----=5 i.i YE^ cllhlM1M1^4yyy i06 8
111 --- --- 50.258 --- YES 54999-106-8
121 16.69 8.37 48.965 --- YES 54999-106-9
121 --- --- 49.323 --- YES 54999-106-9
121 28.39 9.65 49.76 - -- YES 54999-106-14
121 --- --- 50.083 - -- YES 54999-106-14
135 10.7 14.63 - -- --- --- 54999-106-10
145 0.5 i 1.96 42.646 --- YES 54999-106-11
145 --- --- 42.845 --- YES 54999-106-11
159 "V.6 21.22 39.355 --- YES 54999-106-12
159 --- --- 39.154 --- YES 54999-106-12

--159- 0;73-- L1.9% 39.77/1- --_= ---- ------YES 54999-106-15

-- -- - zo ^i^ --- YES 54999-106-15
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Table A.24. SGW with no Bacteria Added.

Ttt?:e- -NO3 ^?r^,:- ArP.°.P CFT
r Q,°,

^ (me/L) (m^/L) (m2/L) (#/mL) Samole Sample ID

0 67.89 ND 98.96 ND YES 54999-36-B-1
12 67.76 ND 98.64 ND YES 54999-36-B-2
14 67.73 ND 98.48 ND YES 54999-36-B-3
16 67.73 ND 97.98 ND YES 54999-36-B-4
18 67.46 ND 97.31 ND YES 54999-36-B-5
20 67.58 ND 96.38 ND YES 54999-36-B-6
22 67.78 ND 96.75 ND YES 54999-36-B-7
24 67.03 ND 96.7 ND YES 54999-36-B-8ra-

-m^ - 284 67.56 ND 98.79 ND YES 54999-36-B-10
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Table A.-25. D5-I5, No Caibon Source, Control.

Time NO3 NO2 Acetate CFU QA
u m L (mQ/L) m L P/(/mL) Samp le Sample ID

-0 - - 50_ 11 ND ND 4.50E+m. YES 54999 40 D i
12 50.03 ND ND 6.80E+02 YES 54999-40-D-2
14 50.02 ND ND --- YES 54999-40-D-3
16 50.01- ND -- - ND --- YES 54999-40-D-4
18 50.18 ND ND 1.00E+00 YES 54999-40-D-5
20 49.94 ND ND --- YES 54999-40-D-6
22 50.04 ND ND --- YES 54999-40-D-7
24 49.82 ND ND 1.IOE+03 YES 54999-40-D-8

^... IL 49.75 "3D ND 4.SOE+02 YES 54999-40-D-9
1^^ 4-9.87 NO- -ND---- YES 54999-40-D-10
28 49.79 ND ND --- YES 54999-40-D-11
30 49.87 ND ND YES 54999-40-D-12
32 49.72 ND ND --- YES 54999-40-D-13
35 49.86 ND ND- --- YES 54999-40-D-14
39 49.84 ND ND --- YES 54999-40-D-15
43 49.96 ND 1.38 --- YES 54999-40-D-16
47 49.67 ND ND 7.80E+02 YES 54999-40-D-17
60 . -50,59 ND .1,31 -- - - - ,^.--- __ . YES 54999-40-D-18

86 49.79 ND - --- YES 54999-40-D-20
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Table A.26. D5-15, No Carbon Source, Control.

Time NO3 NO2

L2 (m2/L) (miz/L)

V JV,.53 - -1\L

12 50.27 ND
14 50.66 ND
16 49.94 ND
18 50.24 ND
LU 50 . 34 1Vll

22 50.45 ND
24 50 23 ND.
12 50.23 ND
26 --50.49 ND
28 47.72 ND
30 50.18 ND
32 50.27 ND
35 50.38 ND
39 50.28 ND
43 49.98 ND
47 50.23 ND
60 50.02 ND
86 50.32 ND

Acetate CFU QA
m L #(/mL) Sample Sample ID

::16 4.00E+02 YES 54999-42-D-1
ND 7.80E+02 YES 54999-42-D-2
1.03 --- YES 54999-42-D-3
ND --- YES 54999-42-D-4
1.18 --- YES 54999-42-D-5
ND -- ----- ------- -- - -YES 54999-42-D-6

ND YES 54999-42-D-7
ND 2.20E+03 YES 54999-42-D-8

ND --- YES 54999-42-D-9
ND YES 54999-42-D-10
ND --- YES 54999-42-D-11
ND --- YES 54999-42-D-12
ND --- YES 54999-42-D-13
ND --- YES 54999-42-D-14
ND --- YES 54999-42-D-15
ND --- YES 54999-42-D-16
ND 1.30E+04 YES 54999-42-D-17
ND --- YES 54999-42-D-18
ND --- YES 54999-42-D-20
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APPENDIX B

325 LABORATORY RESULTS
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-- - Table B.1. Biological Chromium and Radionuclide Removal from Composite Groundwater
from Wells-i99-i-144 and 199-u5-15. Values are Average ± 68% Confidence Value.

Before After Average %
Filtration Filtration Removal

T- tal ('hrnminm 990 f 80 980 f 80
V(µg Cr/L) yu 1.5

990 t 80 970 ± 80

- Grrss-,ilpia 8.2 S 1.9 5.4= i.5
(pCi/L) 25

6.2^ 1.8 5.4± 1.6

Gross Beta 32.5± 2.2 29.2t 2.2
(pCi/L) ^ 3.0

29.6t 2.1 31.3f 2.1
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c^..+
e.^`:ry

Table B.2. Comparison of Nitrate and Nitrite Results from Independent Laboratory
A nalucec.....^..,....

Sample

ID

PNL

324
Nitrate
(mg/L)

PNL
325

Nitrate
(mg/L)

Relative

Percent
Difference

PNL

324
Nitrite
(mg/L)

PNL

325
Nitrite
(mg/L)

Relative

Percent
Difference

J6-R1J-1 I - - Y6.4
Al

- 155.V - <I.V - - < 2.5 1`\O.

96-HD-3 30.4 42 32.0 < 1.0 < 2.5 NC

96-HD-
3D

- 43 - - < 2.5 -

_96-HD-7 ?2.7 18 Sgn 11.1 7 50.3

96-HD-10 < 1.0 < 2.5 NC 19.0 17 11.1

96=HD=i2 <1.-C < 2:5 NC 15.6 i3 1°0.2

96-HD-13 - 42 - - < 2.5 -

98-HD-1 47.2 43 9.3 < 1.0 < 2.5 NC

98-HD-3 47.7 47 1.5 < 1.0 < 2.5 NC

98-HD-7 30.2 26 14.9 11.5 11 4.4

98-HD-10 8.9 6.4 32.7 25.2 21 18.2

98-HD-12 < 1.0 < 2.5 NC 23.15 20 14.6
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- - - - - - - - - - - - Table r.l. Total--SuspendedSolids (TSS) Ra.,w Data for the Final Confirmation Tests.
___^_ -___ nn^ampie `voiutne was iw mL.

---- ----^ -------------- ^-- ----- DishiD --^ Tarc v'v't.(tTiE)Fii^ai vv'i. (iTi^ ij$ (mg/L)

1 1965.1 1965..8 7
2 1983.3 1984.5 12
3 1974.2 1975.0 8
4 2004.0 2004.5 5
5 1975.9 1976.8 9
6 - -1-991.3 1992.7 14
7 1993.2 --- -- -1994.3 1l

AVERAGE = 9.4
STD.DEV. = 3.1

Table C.2. Qualitative Observations Regarding Settling Characteristics of the Produced
Biological Solids in the Final Confirmation Tests.

This information is taken from the lab record book #BNW54996. Liquid from the Final
Confirmation tests, which used methanol as the carbon source, was used to fill a 100-mL

-g'ra"ss-gIauuaiEU-cyliuuer.n siopwaicn was used to measure time.

1) t = 0 min. - Flocs are up to 1 mm, some (flocs) are spherical, others are flat.
2) t = 6 min. - The particles settle very rapidly. The top 5 mL is essentially clear (to the

eye). Other particles are stationary and not settling at all.
3) t = 10 min.- The top 10 mL is essentiallv clear. Many of the larger particles are on the

bottom of the cylinder.
4) t = 15 min.- Nearly all larger particles are below the 60 mL mark, though some

( smaller) flocs are not settling.
5) t = 22 min. - The solution is not quite clear, but about 90% of the

particles have settled out.

C-l



THIS PAGE 1NTENTI^tN'e",LLY
LEFf



AsA
WHC-SD-EN-ES-043, Rev. 0

APPENDIX D

1993 HEIS DATA

D-i



WHC-SD-EN-ES-043, Rev. 0

D-ii



. °''! I (^ E 1 1^ j^ ¢a,;
a6

Tahde D.I. 1.993 Data Available from the HEIS Database for 1100 Area Wells 199-135-15 and 199-H4-4.

0

:.

t.eL
W1

con^ncuvlty
111c1d tca4,et..u.1^
AlLzllnlty
Alw
AnclwenY
Anclm.nry^12S
Al..,,
bm
6=IY1^1[m^^
Ra wlde
c<a^[
alc

CL[
CoL.'It '
coLalt-cil .
Cul.du^t l v l t/

Cy^uJe
pqaUl.le
Flau.[de
Gtoaa IjLa

Lel. n
It
Lead
X.^J^ie^lwu .
MmuJai e -
Me •[Vy`
Nlakel
Nlc[ar
Nlttlte

IbV e11"t•-Y.. La>n l uiu
RuWenluh-lo,.
Sel.a
Sllve

lu

Sodl
scccnu^mk -5u
sulfat
Tam^^u^,w vr
Tewp°rao^ae IL^.:1.1 nieua,.aen^euu
TAalllam
Tln
T>tal a['gum^ ^a[LOn
Tecel c[ganic Lalidee
Toitlum
Turbldlty
Uc.nluw
Urnu I ulu- 2l4
Uret.l^m-2)5
Ilr..ul ^nn-2)8
v.,ne3lwu
Elnc
pH Mcaauiau=ut
pH-fidd a^e.,m^ll.cuc

199-L5-15 NOUIIb: 4
bO04w5 1 , 1
03/15/93 FIL'T:
FIELD

5U4.00. UMtle/C
19.40. DEG C

00 UG/L
1a.40. IfG/L

G.tlJ. Ul;/L

ud GJ. If.JL

56. UG/L

1.eU. uc/L
cf[J0.00. UG/L

1 EJV-<)11 Ill.'/L

2.50. UO/L

4 15. U - IIMIIU

^.SU. VG/L

U(1/L

Stl. Itil/L U
tl.SD. ftil/I.

.4.90. uG/1.
1.00. UV/L M

Ic10 U00- V:JL

1.U0. UG/L

I). UG/L

tl.5u. 11(i/l.

199-D5-1S RoUNL4 <I
5084wS 1 .
0)/15/Y3 FILT:^
SKINEk

5U4. 00.. IIMIIO/C
19.40. DEG C

2'L00. UG/L
10.40. Uc/L

2.tlU, tq/L
u8.]0. Ixl/1.

G/I.

1.E0. UO/L
632u0,U0. UG.L

141U-IIV. 111;/1.

2_50- 11G/1.

S)9.JU. UMHt;

)_5u. IxVI.

.5tl. !'ul/I. u

u.50. YCI/L

S4.9U. Uc/h

2.0U. W)L. w

IeN0.00. U,/I.

1-0u. Ihf/I.

-lJ. VtJI.

u.50. Ua/L

199-U5-15 ROUNO: 4
6004H5 I .

I03/15/93 FIILT:
TM.1

504.00'. UHHO/C
19.40^. DEG C

27.00. UG/L.
19.40. UG/L'

2.80. UG/L
96."I0, UG/L

50. UC/L

1.60. UG/L
6Y300.00. UG/L'I

1.6Y0.00. 110/L
2.SOl UC/L

43 9.00^. IMNO

).50. UG/L

UG/L

.58. Fcl/._ U
6.50. FCI/.^

54.90, UG/L
2.00. UG/L w

11a00.00, uG/1.
1.00. UG/L

13. UO/L
M.SO. UG/1.

199-D5-IS ROUND: 4
B084w6 1 , 1
03/15/93 FILT: T
FIFLU

504.00. IfMHO/C
19.40. DEG C

21.00. UG/L
19-00. UG/1.

2.00. UG/l,
tl6.00. Ilc/1.

90. UG/1.

1.40. UGA.
62200.00. UG/L

199-D5-15 ROUNL: 4
B0B4R6 1 ,

I03/15/93 FILT: Y
SKINER

504.00. IMNO/C
19.40. DEG C

2].0J. Uc/L
19.00. VO/L

2.00. vG/L
86.00. uG/1.

.90. Uc/1.

1.40. UG/L
62200.00. uG/1.

IS7U.00. DU/L 11V0.00. UG/I.
3.20. L'D/L 3.20. OtLI.

4.90. UG/IL 4.90. Uc/1.

UG/IL UG/I.

6.40- VU/iL
1.2J. 1R;/IL

16100.00. UG/L
1.70. UG/L
.10. UG/1. N

5.40. VG/L

6.00. VO/L
1.20. uc,l.

1c100.00. Uc/I.
l.")0. uc/I.
-10. uGi 1, N

S.40. UGJ1.

Il- 2U wy/L I1 2U uy/I. 12- 2. mU/L

4f1U. UU. Iti/L 4110- UU. uc/L 4910. 00. UO/L 501U. 00. UO/L 5010. 00. UG/I.

f. lU. VG/L MXN f. 10. UO/L LINU 3. 10. UU/L MHN 3. 80. UG/L N 3. 90. UG/I. M
J. 9J lIG/L 3 .90. UC/L 3. 90. UC/L 4. 60. lq/L 4. 60. VGIL

ISeu0 00. UG/L 15tl00 .00. If.,/ l. 15U00. 00. UG/L 1SBOO. U0. Uc/L 15900. 00. UV/L

1. <0. pcl/L 3 1. 40. pCl/1, ^ 1_ 40. pcl/L 3

1- 90- UG/L w 1 .90. IIG/L w 1. 90. IX3/L H 1. 50. UG/L 1. 50. !'JUL

660. 00. µUL 66U .U0. pCVL 660. 00. PCI/6

1J. ]0. IA:/L 10 .70. UG/1. 10. 70. UG/L 12. 20. UG/L 12. 30. uG/L.

4. "!0. UG/L 4 J0. u;/L 4. ]0. U;/L 2. 50. UG/L 2 .5 J. L
tl. 09. pH 9 .09. pH 0, 09. pH
8. 02. pH 8 .02. 1H1 8. 02. pH 0. 02. pH 8 .02. pH

11

ll

Cn

^

^

z
m̂

A
w

<

O
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Table D.l. (cbot.)

IIf1eLd1 cowduatuvl¢'Y
IHlcidl ceLnP=c^u:n=
Allkallnlcy
A!I.n
9N . ry

Autlmul:Y'I^15

Al:auu c

Bn[lu:V

b.:rYllluni ^ .

Bl:..nil.i<

Cu1nlnm

r1JT
CLl.dl.lu I
CLrw:mu. I
coL.Ic
C:.6.In e0
' ::du.livrt/
Ccyl.e
('/inl.le

Ctl nlle

F7uu W^
GEusa olyl:o
[lpos.; L.I.
t..n

Iea

M.n.Ja:
Mcl u/c
lil^td
ulu t^
uit^n^

YIn.::IJ.otu
Yob. ei
hntLcul.nluL
SN=ulun
Sllvcl
SoJ I Un:
St:b::tn:m-YU
eullata
Technruun. s
Tmxbe ucaa. Ili,l.l :v...»ut_scucl
O^L..111 uw
Ti.
TUtul o[Yaulc maB..u
Total organl. L^Iltlcs
TCiUam
TurLidlcy
11[aulUw
Utunlum-2i4
U[uulwu-]35
U[..niuw-210

Z
venadluw

nc
FH Mmwrewuut
pH-El^ld w^eeur^m::/u.

199-H4-4 RWfIU:
BOq'I'I10 1 , 1
01/28/93 FILT:
DdTACH

130. 00, M(I/L

200.0U. IIG,/L U

40 . U0. l10./L

3.00. UG/L U

5u0.00. IIGi!l. U

10-00. UGLIL U
Iu100 .00. UC./L

6]UO-0O- IIG./L
I10.00. uV:/1.

GOAU- UG/L U

5 1) Uu

_V.JV. Ihi/L ll

fUU.VU - 111:/1.

41.411. YGI/L

100.00. VCI/L

111VV0.00. Illii/L

ou .u0. U[:/1.

I0 _00.

A000. lIG/L

VlouuUU. 1,13 /1.

^uU.4U. Il.:/l. U

4uu.UU. INi/L U

4eu0-00 UG/L

[VU4. 111 /L 11

]5000.U0- UU/L

14uuU.V4. UG/L

319.00. FCI/I.
1b.20.

IOUJIIL lIG/L U

1000.00. UG/L U

10.00. lID/L

. /u. 4nv
12 30 , UGG/L

10.00. UG/L U
20.00. UG/L
3.45.

199-114-4 RUUIJD:

90'TM0 1 .
01/28/s3 FII.T:
F1L+IL

1]V-00. WS/L

IUU.UV. llti/L U

40.U0. U:/L

3-00- UG/L U

SUO00- lIC/L U

10.00. IAl/L U
300U0.00. U0/1.

67O0 .UU 1hLL
110-00- UG/L

!0Uf1 lIG/L tl

513.0V

20 0U llI:/1. U

IUO.uU. ua/I.

43.40. ICI/L

IUU0- FCI/L

Itlu0010 - Ilti/L

5UUV.00. UG/L

IU.00

4UuU. U:./L

e1u00.00 uc/1.

200.0V. Il,i/1. 11

4VU VV ll.i 1. 11

41VU.0u. UG/I.

2U UU - ll(:jl. U

ISU00.00. Ilc/L

44UU1 0U Vu/1.

1I5.04. 1'Cl/L
1u.20.

100 JIU. lA:/L U
1000.60. u0/1. U

10.00. UG/L

.30. Will
32-f0. UG/1.

JO.V0. U::/L U
20.00. IIG/L
).45.

^;.'1. ^t ..-
f^ G .,. VJl.ir

1®9-H4-4 RUUND: 199-H4-4 RqMID:
Bn51,40 1, I BO]TM6 1, 1
01/28 /93 FILT: 01/28/93 FILT:
1'PAihL DATACH

130.00. MU/L

200.00. UG/L U

40.00. uG/L
3.00. UG/L U

500.00. W/L U
10.0U. IK/l. U

10000.00. UG/L

6700.00. lIG/L
100.00, W/L
20.00. lu/L U

51J.00.
20.00. W/L U

300.U0. UG/L
43.40. FCI/L

100.00. YcI/L
18000.00. W/L

5U00-00. UG/L
30.00. UG/L

40.00. W/L
UVUO0.U0. UG/1.

200.00. Ilu'/L U

400.00. IK/L U
4e00.00. Ilc/L

20.00. W/L U
75000.00. UG/L

44000.00. W/L
319.00. FcI/L
15.20.

100.00. W/L U
1000.00. Uc/L U

10.00. UG/L

.30. HN
32.30. W/L

30.00. W/L U
20.00. UG/L
'1.45.

_0-00 UG/l. U

.9"I. PUA/L U

1730.00. PCI/L

199-H4-4 ROUMD:
B0'/TN6 1 , 1
01/2:8/93 FiLT:.
ITA;:RL

20.00. ur/1. u

.99. FtI/IU

1730.01). W'1/L

C)

[T^

z
^
In

?
W

ry

O
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Table D.l. (oont.)

j 199-H4-4 PDU110: 155-H4-4 RGUNL: 199-H4-4I ROIRiD: 199-H4-4 RWND: 199-H4-4 RcwND:
808531 1 1 BOb531 1 , b00531

I
1 5096 N5

I
1 B086N5 1 . I

02/24/99 FIL 'I': 02/24/5] FIL P: 02/24/93I FILT; 03/10/93 FILT : 03/10/93 FILT:
Dh1AC11 FIGLD

y

ITASRL FIELO ITASRL

Ifleldll cunJUCUVUr
I[Ie141 [eu.l.=t^uu='
Nlkal^^Jty '
Aluial[+^iw
Antirveny 200. J0. uc/L IJ ?OL. OJ. UC/L ll 200. 00. NG!L U
AntLUenY1?5 I 2. 10. FCI/L 2. 10. ItiI/L
A[seuic
ba[Lnu 211 UU. l1G/L 20. 0u. UC/L 211. 00. iL`G./L
B=lyl 1 ^

urv
3. 00. Iw/L N 3. 00. UG/L u 3. 00. uG,/L U

Btorv^.)= 5u0. 00. t10/I. N Su0 A0. IP./L U SUOi. 00. UC/L U
co.lultim 10. 00. uG/L N 10. 00. uc/6 u , 10. 00. vG/L U
Calalom 19u00. 00. uG/L I9000- 06. Va/1- 15UOOi. 00. IN;/L
Cesfumll) 6. 94. FCl/L 6. 54. I-C1/L
ClAlual.l= SSJU. 0U. Iq/I. S9UU- 00 Uy/L 5900. 00.
CLtowlwe ]U0- UO- UG/I. 1U0- 00- OG/L 10C1. 00. UG/L
coLalc 20. 00. UG/L U 20. UD. Ikl/L U 20. 00. UG/L U
CoLI/p0 ' L ]'L PCI/L 4. 37 . cl/I,
mudndUVrty 1A6. U0. 540_ uU- 546 00. SJ8. 00. UMHU 538 . 00. IMHu

20 - 00- Uc/L U 20- 00 Ilc/L U 20- 00. VO/L U

I. td,
FluUal.:1= cuU uu. IN/I, vu

Y
uu I1J/1. eU0. 00. UG/L

Gt^s>'u11^Lo J2. 50. YCI/L 32. 50. PCI/1. 3:. 50. FC[/L J9. 90. FCI/L 37. 00- R[1/L
Ot^as'L=Lo SB. tlJ. ha/l. I 56- 00- Yci/L Sf1. 80. FCI/L tl5. tl0. Ycl/^ 89. 80. ^na/L
Imu _tlU GO IIB/L 2tl0. 00. IJG/L 2BO. 00. UC/L
Lu^J
Mojun:,I uw u

1
U Uc.'/L fJU1 - 00- IIJ/L 3)00 .00. llG,/L

Many.n.=ac 10- 00- llc/I, u 10- 00. VG/L ll 10. 00. tpl/L U

G M.,[cul.
[llek=I . IO. OU. 01/11 0 JU 0 I1G/I. 11 30 .00. IW'/L U

W Nltt.a= ' :aou0. 00 UG/L sNUU0 -U0 uG/I. 5U000 .00 . UG/L
IUt,= ..m uu. wLl, u 20U u0 . uG/L U 2011 .40 . W/L U
Ih^tll= IIV L.Y..

YIoa1.L>t= 4uu 0U I1/1. u i00 -uu . Ih:/L U 400 .00 . UG/I. U
Fsalaw 43UU 00. uG/L 43JJ .JJ . U,LL 4 3 0 0 . UG/L
Nu[I,xt,lum l- 49 d0_ YCI/L 49 .30 . 11 1/1.

11^ilv^[ V. JU. 11^:/L U U .UU 11•i/L 11 20 .00 . UG/L U

9..dLnn ISUGO 0. lIJ/L ]SUOO .UO . lIG/I, -/SOOO .U6 . UG/L

WUSul(a2e ^vuuu. uU. W/L JYUUU .UU . UG/L 35000 .00 . UG/L
Trt:nl^^_tlll^, sY
'Riqru.[al= It1eIJ w=mn[=m=nU 11. 90. 17 10 . 17 .70 . I1. 50. OFG-C I8 .S0. U&: c

wm
'I'lu luO - JU - lA:/L u IuO .uJ UG/1. Il 100 .00 . IIG/L Il
9'0 ..I myanJ^..Ib.a^
TuGUI clgalJC L-Il.iee
Tutiuw 1590 .00. PCI/L 1570 .00 . Ycl'I.
Tu[bidl[y
U[<nlun 36 .SU. UG/L 36 .50 . UO/L.
Urmlum-239 23 .10. FC1/L. 2) .10 . YCI/L
lhunvm-235 .96. FCI/L. .96 . FCI/L
u[anluw-238 16 .80. FCI/L 16 .00 . YCI/L
vana3amu 30. 00. UG/L L 30 .U0 - UG/L U 30 .00 . IJG/L U
Zlnc 10. 00. UG/L 10 ,00 . Uc/L 10 .00 . UG/L
pH Me^nu[=u^ent 7. 14. 2 .34 . 7 .14 . 0 .15. PH 9 .15 . 111
I,H-(l-ld wEaau[amcnL

lot

x
n

r1i

z
I

M

Ir
O
A
W

rv

C

O



Table D.I. (conlL)

A

199-b4-4 ROUA{D: 199-H4-4 RWND: 199-H4-41 ROUND: 199-b4-4 RCRIND: 199-H4-4 ROUHD:

- 808990 I , I 600910 I . 1 8L18970 I , 1 BUBCPo I , I B08CP1 1 , 1

I 03/10/93 FILT : 03/10/93 FIL9': 0:1/10/93 FILT: 04/01/93 FILT: 04/01./93 PII.T:

DATACH FIELD ITASRL DATACM PIELD

xIflsldl cmAUCUIVLtY .
Ifie131 cemper<cuue
Alltellnrty 140. 00. MG/L 140. 00. nIC/L

Alnminmi
Antlmony 200. 00. UG/L U 2QU. 0U. W/L u 200. 0U. UG/L U 200. 00. LR:/L l^ 200. 00.. CIG/L U

AnclmouY-125 , '.
A[senlc
Betbim J0. 00. UG/L J0. 00. W/L 36. 00. UV/L 30. 00. UG/L 10. 00. UG/L

BeaYlluun 3. 00. UI]/L U 3. 00. UG/L u 3 . 00. UG/L U 3. 00. UG/L U 3. 00. ta/L U

BrOrvldc 500. 00. lR:/L U 500, 04. W/L U SOi0. 00. W/L U 500. 00. UG/L U 500. 00, LIG/L U

C=.1al^w 10. 00. LR3/L U 10. 00. W/L V I6. 00. W/L U 10. 00. W/L U. 10. 00. UG/L U

CalcLnm 2JUOJ. 00. LJG/L 2JJ00. 00, uG/L 230EI6 . 00. W/L 23000. 00. UG/L 2.3000. 00. L1G/L

Ceslurv-I31
Chlcnln a940. 00. U1/L a900y 04. UG/L 6906. 00. LIG/L 1100. 00. t1G/L 1100. 00. W/L

Ch[crvlmo 110. 00. Uw./L 110. 00. uG/L II6. 00. UG/L 130. 00. UG/L 130. 00. oG/L

CoL..lt 20. 00. VG/L U 20, 00. W/L U 26. 00. UG/L U 20. 00. Uc/L U 20. 00. VG/L U

CUL..Iu oJ
CooJICt1vIL/ - S3u. 00. 518 . uU SiI9. 00. 551. 00. 551. 00.

CuN.vl 20 00.- Ik:/I. U 2J. J0 uJ/1. u ].0. 00. UG/L U 20. 00. t!G/L ll 20. 00. tx:/L u

CY=Itlfu
„Ida

Flnw^.ie
x

. uG/L 1uu. u4. OLf/L aD0. 00. W/L a0J .00. IID/L 600. 00. UG/11

...II1. 11 .44 K]I/L TI Lu 1'1 I/I. 37. E0. PCI/L 47 .10. iCI/L 47. 10 . PC'1/L

.,.. Ia .
t

5t 56. 1.'1/I s! 50. Iol/I. 93. 50. FCI/L 9{ .(0. Icl/L 94. 60 . PCI/I.

ia.n 51 44. u::/L. :1 4u uc/L 51. 00. W/L 1500 .00. UG/L 1500. 00 , uG/1.

M+ync=lan JbUU .UU- Ud/L JnUV UU - Vu/L 3806. 00. W/L J600 .00. W/L ' 3600- 00 . lx;/1,

Mau^.a.cuc I0 00. Il::/L U lu u4 llG/L U 1J. 00. UG/L U 20 -00. uC:/L 20 .00 . Lm/t.

Mc : u Yi
111„kcl JU UD. 11G/1, V Ju. uU. Ilu/L II J0. U0. Uu/L U 1J .00. UG/L Il 30 .00 . Ll, l. 11

IO^L..L.n anu0U .4u. uG/L uuu0U. 00. uG/I. 88000. 00. IIIUL 9J000 .00. UG/L 93U00 .00 . u:;rt.

11 11 1 tei 1JU .40. LrcLL V %4U .J4, u.;/I. II 20d. 00. lh;/L U 2 00 .00. lIG/L U 200 .00 . Vc;l. ll

Nlt[Itd Illtavlc

YILwVndLe 40u 4u UG/L U 900 .uu lw/L U 400. 00. W/L V 400 .00. aG/L j l 400 .04 UJ/L V

Yaw>3mw 4500 .00. UC/L 4500 .01 . UG/L 4500. 00. tJG/L 3900 .00. uG/L 1 3900 .00 . UG/L

RutAvulum-luc
Selmumi
Sllvat Lu OU. OaLL U 2U .00 . IIG/L U 20 .00 . W/L U 20 .00. LJG/L IJ 20 .00 . U]/L U

S.:dlun^ b{UOU .OU. UCl/L 84u0u .40 pG/L tl4000 .00 . uG/L tlB000 .00. W/L 00000 .00 . UG/L

StruutLUwSu
Sulfate {moti .UU. UG/L {JUUU .OV . VG/L 43U00 .00 . VG/L 4a000 .00. UG/L 40000 .00 . oGrl.

TrcLneu^m-§v 340 .00. PCI/L 340 .00 . Ftil/L

'feml.efatw.: Itlcld wcaeucwentl Id .SO. 1e: .54 . 18 .50 . I8 .70. 10 .I0 .

TLn11LUw
Tin lU0. uu. Oc/L U lUU .uu . LJU/L U 100 .00 . uG/L U 100 .00. UG/L IJ 100 .00 . Oc/1. U

'P.,t.J uLau,_ ^^Iten 1000 .00. UU/L U 1000 .00 . U

'futal u9+nL< Lull.les 30 .00. Ua,/L IB 3 0 .00 . lla/I. b

Ttitmo
TurLidlty 5 .00. Klv a .00 . IYRI

Uranb^u 539 .06. W/L 534 .011 . uG/L

U[uulund-23.1
u[anlUU[235
uranL.m,-va
veno3Lw 3u .00. Lu:/L U 10 .00 . W/L U 30 .00 . W/L U 30 .00. uG/L 'U 30 .0C . aG/L U

Ztnc 10 .00. Lx:/L U 10 .00 . W/L U 10 .00 . UG/L U 20 .00. UC/L 20 .0E . Uc/L

pH n.=_.u[ewenc 8 .15. 8 .16 . B .ls , 1 .a3. 7 .63 .

oH-tl^Ia u.eeyn^l^^.ne

x
C)

L^

d

rfI

z
r1l
In

O
A
W

0
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Table D. L (clont.)

199-Hi-4 RoU110: 199-H4-4 RoUNb: 199-H4-4 ROUNO> 199-H4-4 R 01114D: 199-84-4POUBO:

BObCPI 1 1 bOOJCI 1. 1 OOBacl I 1 OOB:1C1 1. 1 B08NG4 (. 1,
04/01/93 FiLT : 05/U9/93 FILT : 01i/07/93 ILT : 05/07/93 FILT : 06/06/93 iILT :

ITASRL DATACH

'

FIELD I TASRL PIELD

ILlcldl conJUauvlcy .
1[^uldl tervp=:a[uL^ .
Alkullnlty 14U.00. MG/L

AlunJnua 99.00. Ub/L
1

49.00. U:/L 1 49-0I0. UC/L L

yUU vO L'G/L U 200.00. UG/L U 200.00. LG/L U 200.60. UG/L UAotlmony . .
11.60. PCI/1.

An[Iwony-125
Arsmtlc
Baalow 3U.00 u6/L 3U-00. Uu/L 30.U0. UG/L ]0.00. W/L

Be^yllmw J.00. u;/L U 1.00. Lx:/1. U 3.00. IIG/L U 3.(10. UG/L U

Rmo,lde bU0.00. UC/L U SU000. uG/L U 500.L0. UG/L U 500.OP. UG/L U

Cn&ulnw 10.00. UG/1. U 10.00. UG/L ll 10.U4. W/L U 10.(10. W/L U

Colclam 23u00.00. UG/L 1L000.00. UG/1. 22000.00. UG/L 22000.(10. UG/L

Ceiww-1]'I
5.55. PCI/L

CLloLid= /IUUUU UU/L t40000 Uc/L ti400.UU. W/L 6400.1J0. UG/L

Chr"mlua 730.00. UG/L 100.00. UG/L 100.00. U0/L 100.110. IIG/L

c..L^lc 20.00. UG/L U '2U.0U. Uc/L U 40.0 0. W/L U 20.OU. Un/L U

Cabol[-60 6.15. PO/L

Coudu^[iv:ci !==1.uU ScU.uU_ 560.00. 560.00. `••••••••••' IIMNO/C:

C„I,J- 20 00 oc/L U 20.00- UG/L U 20.00. UG/L U 20-00. llG/L tl

cy^lad^
WU „1=
FIn^IW= :AUOU Uc/L 4UU.uu_ IlG/L EC 400.00. UG/L EC 400.00. UG/L B^[I

Gro>= a1W- 47.10 PPI/1. 27.90- PCI/L 27.90. PCI/L 21.00. pCl/L 7.41. I11/1.

s Le[o 94.60. PCI/L 9).90. PCI/L 93.90. PCI/L 9730. PoI/L 13.70. Ltil/l.

I^„u I+UO.OU UG/L d0.00. Uu/L 250.00. UG/L 250.J0. UG/L

M.,OU=^lu:a U.V0- GG/L u0u0 [IC/L 3500.00. UG/l. iSUO-00. UG/L

..U.00. U:i/l. 1.:0. I.M. 1 3.20. I1C/1 1 3.20. UG/L I

Metcu:y
k^l u-au. UG/L U JU-uO- UJ/1. u 30-00. UG/L U 30.00. IIG/L U

p^ct ae o00.00. IAl/L U1UV00u. 116/l. tlS0VU:00. W/L b5V00-00. UG/L

Illua= Lu0.00. L1G/1. U 30000. [AL/L O 200.UU. UG/L V 200-bO. UC/L U

Inu^t= M:^:,.,_
YL. lm:c JUUOU UJ/L 11 400 0U- lx:/L. U 400-00. UG/L O 400.00. W/L U

..p
niiuwF a 19U0.00. UGII, 400u-00- [IC/L 4000.00. W/L 4U00.00- UG/L.a.

17.80. en/1.
SnLma,m Im
9=Ivelun, .
y11veL oUO U6/L. u tu UG/L U 20.00. W/L U 30.00. uG/L U

y:uw
864)

00.00. tID/l. HI000.00. UG/L b1000.00. uG/L 81000.00. W/L

5[:am:ua 5U
Sulfa[e 4euU0u . UG/1. 4IODU.00. l1G/1, 43U04.00. LID/1. 43000.00. UG/L

T-hne[Iaiu9Y 34J.OV. PGI/L

'LewP=as[w= III=1,1 m=^7mmim[1 ItlJO. IU.50 I8 90. 1b.90. •^•'•••'^• U[a c

TLa 11 buu
Tin 100.0U. UG/L U U<%/L U UG/L U W/L U

TCt.I o[yauLO ^nLLOn 10U0.00. UG/L U

Torel oLgsnlc 1i115=n 30.00. oG/L B
'

T[[UUw - 562.00. I/Lh.

Tu[Lidl[y 6.OU. LIN

Uronlum 5j4.00. UG/L 3.37. W/L

U:anluw234
ULanLlw-235
uranim-23u
vanodlua 3U.0U. UG/L U 5.20. u0/L L 5.30. W/L L 5.20. UG/L L

ZI[:c 20.00. UG/L 10.00. UC/L 10.00. W/L 10.00. UC/L

pH Maasurenzn[ 7.63. 7.92. 2.92. 1.92. T.02. Y11

pH-[iald m=e.,Ur=m=..L

1]

n
L̂ - - ^

^

z
[l^
I^

C)
A
w

fV
C

O
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T'able D.1. (comt.)

199-N4-i RUUNU: 199-114-4 RUUUp: 199-114-4 RUUND: 199-114-4 ROIIND:: 199-114-4 ROtA4D:

B06MGi 1. I 6UBIS0 1 . 1 BOUL50 I 1 ^BOOLSO 1 . II 00BU¢O 1 1

06/06/93 FILR : 06/14/93 1lLT : 06/14/93 PILT : 06/14/9l PILT: 09/13/93 PILT :

ITASRL DATACN

^

FIELO i ITASPL . DATACH

Ifleldl condncuvlty ^i
IEleldl teuiyer..tur.

100. 00. NG/L
Alkelimcy

49 00 UG/L L 49. 00. Ual/L L 49. 00. UC/L L 32. 50. UG/L U
Atuwtriuw .

2UE
.

00 UG/L (1 200 00 WILL U 200. 00. UC/L U 69. 40. WILL U
Anttwony . . . .

/u.clrvony-12S 11-60. ICI/L

A[oenl
2J OO. LG/L 13. 00.. Utj/L 23. 00. W/L 21. 00. UG/L

BarLum .
3 00 Ua/L U 3. 00. UCj/L U 3. 00. LG/L U . 61. W/L O

becylll^w -
500

.
40 uU/I u 500 00 UG/L U 5oU. 00. UG/L U 52. 60. UG/L U

Bww13x .
10

.
00

.
ua/L U

.
10.

.
00. UG/L U 10. 00. W/L U 4. 70. UG/L U

Ce,yuiw, . .
24U00 00 UG/L 24000 OU UC/L 21U00- 00. uG/LpIL

l,- 24u00 UO. U;/L . . . .

casluo,-I17 5.55. Pcl/I.

c1J mlde 29u0 UG/1. 2900. 00. U(;/L 2900. 00. W/L 400U. 00. UG/I.

Chtow(nm 48 . 00- UG/L 48. 00. UG/L 46. 00. W/L 35. 00. UG/L

Ccp. lt 20. UU. W/L U 20. 00. U(;/L U 20. 00. UG/L U 4. 05. O0/L u

CoLnIrLU e.15. Pcl/1,

cm,du, uvlt/ U>Olo/c u- u0. 260. 00. 260. 00. 355. 00.

Cui,P- 20- OU UJ/L 11 20. 00. uG/L U 20. 00. W/L u 2 65. llc/L u

+n(d=
de

Fluu:l.le 3U0. 00. IM:/L 300. 00. IXLL J00. 00 - uG/L 500 .00. WILL

uruaa e1pL^ i.93. Pcl/L U. S9. Pcl/L 6. 57. P9I/1, 8. 59. FCI/L 14 .20- Icl/1.

Ga^sr L^tu 13.90. PCI/L 17- 40. Will, I7. 40. PCI/L 17. 40. PCI/L 36 .50- FCI/t.

li^L '10. 00 . uG/L 210, 00. U]/L 210. 00. UG/L. 250 .00. trc/I.

e d
Uw oU WILL 4300. 00, OO/L 4300. 00. uG/L. 3I00 ,00. WILL

M^yuea(uw .
2

.
50 UG/L I 2 50 lh./L L 2, 50. LG/L L 4 .10. UG/L L. . . . ,

O
M.a.:u y

k a lu. uu. lu/L U 30. 00. U./L U 30. 00. IXl/L U 17 .90. Ila/1. v
Iln .

26UUO OU Ix;/L 26U00. 00. In]/L 2uU00 .00. UG/L 30040 .00. Ilu/I.
1/^^^LL

200
. .
OU Ub/L u 200 00 Ua/L U 200 00 lA;/L U 39 .30. Uc/L u

Ol Illt-te - . . . . .

IIIt11tu NIUaI^ -
4U0 00 UG/L 11 400. 00. UC/L U 400 .U0. DC/L U 147 .00. U;/L U

Ytm^4liate
Pute^^i^m 320u

..
-00. Ix;/L 1300. U0. uG/L 1200 .00. UG/L 3000 .00, Uc/L

R•IIG.u1uw-luv Il.tlu. PCI/L

S.ul.uwm
[u u0 IIG/I U 20 0J UG/L U 20 .00. (IG/L U 2 .87- tIG/1. U

Slt-(

14U0o
. .

.00.

.

ua/I.

.

24000.

.

U0. Uc/1, 24000 .00. W/L 36000 .00. uG/1.

Stront^wu 9.
Sultate 210UU .On. Uc/L 2100U ,00. UG/L 21000 .00. UG/L 32000 .00. 14/1.

Tecnue[Iwu 91
7 7U 19 70

114
19

.00.
20

Pm/L

T^ml•rLacnrc 11c1,l u.^^^u^^mm^u •••••••••••• LEG 11 .I4. 1 . . . . .,

TLallluw
UU/L U UG/L U UG/L U 51 .10- Uc/1. U

Ti. 700 .00. ue/I. L
Toael oryama eatLu:.

8 00 141/I U
Totcl oc9anra L-Ilile:n

-. .

Ttluuw 562.00. Pcl/L
4 .60. NtV

TurLldlry
16 20 uG/I

Ut m l wu ].ll. lk;/L I
. . .

Utenium-234
manlUm235
ucenlum-236

4 10 UG/L L 7 .10. OG/L L 7 .10, W/L I. 22 .00. IIG/1. L
Vamdluw

10
..

00 W/L
.
U 10 .00. UG/L U 10 .00. UG/L U 9 .60. UG/I. LZlnc

7
. .
90 7 90 7 90 9 .06.

pH n=usurummi T. nl. PH .. . . . .

pH-field me.smm=nc

n

(1-ny

^

z
[1'7
^

A
W

O
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Table D',.1. (Icoimt.)

199-H4-4 ROt11IG: 199-144-4 IiUVNU: 199-N4-4 RVUMU: 199-H4-4 RWNO: 1519-M4-4 R0IIIJD:

Bn0QZ4 I 1 HUBQZO 1 I 800z16 I, B090T4 I 1 B090T4 1, I
,

0]/1)/93 PI1jT : 07/13/93 FILT : 08/19/93 FIILT: 08/18/93 FILT : 00/18/93 FILT :

I FIlLO ITASRL

,

11'ASRL DATACH PIIELD

Ifle'ldl c..lu3uc'LI+ICy .
I/le1 Ceuµ.ecat^¢e
AlAa9lnlty 1U0.00. MG/L 100.00 . W:/L

32 50 Ilc/L U 32.50. UG/L u'
Al^yn-m 32.50. u'G/L U 32.50.

6Ti 40
VC/1.
UG/L

U
U

. .
69.40. 1K/L U 69.40. UG/L L'I

Anun^^ny 69.40. c'c/L U . .

Autl3umry'1[':
Il.lO. Fci/L.

A5=hic
00.1 Utl/I ]1.00. x./I. J0. 00. IA:/L 30.00. VC./1.

N,ulqni ..

N1

.

IL:/1 U _Ifl. Ih:/1 11 .61. IX:/I, U .tll. Vt:/L 11
N"ly'Il:um

m„nLl..

..
J.tlU.

'

.

ILl/L V bt.uu. uf/I. 1
n 4 21' IX:/L u <.]U. 111.1/1. u

C...hulnu 4.]V. IN1 u 4.]V. wJL , ..
25000 00 lx:/l

Culeluw 21VV0.4U. Ir:,/L 214V0 Vc/L :SUOO.JiD. UG/L .. .

cesOUm-L! 2.61. ItiI/t.

CL1Jndx 4U00-JU. II16/L 400U.V0. UG/1/
100 00 UG/L 100.00. Uu/L

Cpv 75.00. Ix3/L 75.00 VG/1, . .
6 00 uG/L I. 6.00. Uu/L I.

c^LSIL i.JS. Ya/L U 9AS. tle/I. V . .

C,.L,;1t-eV i 59. Itil/I.
00S61 501.00.

Conda^uvlty ,S6.JU. 355.U0- ..

2 65 UG/L U 2.65. lF:/1. Il
C,'zr 2.E5. yll:/1, ll 2E,. llli/L U . .

Cyalil^le I
CyaU 1 =

^Fludrlde SVU_VV I11/L SVV_W-
2014

VU/L
PUI/SGrod^ ull-1., I4-20 litl/L -. .

a L=ca i6.5U- 6t'f/I. 1E.50. Pil/1.
0029U UG/L 290.00. tHLI.

I:^y [50-00. IK/L J50-U0. UG/I. . .

Le.d
JUI/U4 UG/f. 1)uU-U0 t1G/L

I
4200.JJ. L.G/L 4200.00. U::/I.

Muyl.=ynmi -.

4]0 lM:/L L 4]U IG/I. I. 4.80. UC/L L 4.90. UG/L L
bep.neee . .

Mel c u'/
111.0..-1 1/9u. :IG/1. U li.v0 UG/I. II 1"L90. Ihl/L U 1].90. U::/I. V

Illl.:^ ^ 1vu0U00 U1i/1. JEU4J.flU l.:/I

tllrLlr= ' lb.fU- lM:/L U IM)0 th:/I Il

In 1 e un:, _
41 -Llut. li/ 0 W:/L U Idl U. 1:/L. 11

1440 00 UG/L ]400 00 1.:/I.
f.'Im f40V 00. W/L J 0.0 llu/l. . .

R 1 ^ u lut 3.63- FCI/L

L I VWI. V 1.87 . UG/L U 3.40. IN]/L L 3 40. UG/L L.
l l

O OJ u U3c000 U./L 76000.00. LG/L 9600U.40 U./f.
y 3 , AcUU . G/L -

srl..nllnn SU

]'ull..:^- /LauO.VV. Ill:/L 31V00-VU. U./f. ,

' 1 ' . ^ , l e . d l w i v I I 4 - 4 0 . I r i / I . 114 UV 1'1'1il.
IN eO IX.eO

'I'..ml• ' Ill.,llen..^.nvuu..u'.1 IN.'JU. lu.-u. . .

1'L.l I I am
• 51 10 w/L U bf -lu - UJ/I. U SI.10. UG/L U 51.10 . v.:n. u

q 1n

Total ury.,nle eerLau

. -
100.00. IA:/L L 700.00. oa/L 1.

Total orgn.lc Le1W=s B.Ou. UG/L O 0,60 _ U1 /1. ll

Tti[lurv
'IVrmdlY 4.80 . VIU 4.tlJ. IrrU

Utunluw f6.20 lK./L 16-20- UG/I. 14.00. UC/1.

Uranluw-2l3
Uceulnm-2l5
Ucanium-23u

0022 UG/L L 22.U0. IA/L L 8.50 . Uc/L L 8.00 . UG/I. L
Vanudfum .

609
.
UG/L L 9.60. UC/L L 9.10 . IID/L L 9.10 . UG/L L

yln, .
8 00

.
088 8.00 . 0.00 .

pN M=aeaceueut . - ..

pH-Eleld ulwauLm.=nr

n

C^A.y

V

^

^

A

^
G

p



Table D.I. i(cont.)
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